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Abstract
Mechanical loading of the skeleton, as induced by muscle function during activity, plays a critical
role in maintaining bone homeostasis. It is not understood, however, whether diminished loading
(and thus diminished mechanical stimuli) directly mediates the bone resorption that is associated
with disuse. Our group has recently developed a murine model in which we have observed rapid
and profound bone loss in the tibia following transient paralysis of the calf muscles. As cortical
bone loss is achieved via rapid endocortical expansion without alterations in periosteal
morphology, we believe this model holds unique potential to explore the spatial relation between
altered mechanical stimuli and subsequent bone resorption. Given the available literature, we
hypothesized that endocortical resorption following transient muscle paralysis would be spatially
homogeneous. To test this hypothesis, we first validated an image registration algorithm that
quantified site-specific cortical bone alterations with high precision and accuracy. We then
quantified endocortical expansion in the tibial diaphysis within 21 days following transient muscle
paralysis and found that, within the analyzed mid-diaphyseal region (3.15 mm), site-specific bone
loss was focused on the anterior surface in the proximal region but shifted to the posterior surface
at the distal end of the analyzed volume. This site-specific, but highly repeatable biologic response
suggests active osteoclast chemotaxis or focal activation of osteoclastic resorption underlies the
spatially consistent endocortical resorption induced by transient muscle paralysis. Clarifying this
relation holds potential to yield unique insight into how the removal of factors critical for bone
homeostasis acutely precipitates local modulation of cellular responses within bone.
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1.0 INTRODUCTION
Deficits in the skeleton’s physiologic loading environment have potential to rapidly degrade
bone mass and architecture presumably as a consequence of diminished mechanical stimuli
[1–5]. Just as the anabolic response of bone to mechanical loading is focal and not systemic,
the catabolic response of bone to disuse is also highly localized [6–9]. However, the
biological processes mediating these highly localized bone alterations remain unclear.
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Previous investigations into the site-specificity of cortical bone resorption in models of bone
loss are limited and have produced contrasting results. For example, in murine models of
postmenopausal bone loss, highly heterogeneous alterations in cortical bone morphology
were observed following OVX surgery [10, 11]. In contrast, complete functional deprivation
via surgical osteotomies resulted in uniform bone resorption on the endocortical diaphyseal
surface [12]. These findings suggest that the spatial pattern of bone loss may vary as a
function of the stimulus for bone loss. If so, clarifying this spatial relation holds potential to
yield unique insight into how the removal of factors critical for bone homeostasis acutely
precipitates local modulation of cellular responses within bone.

In this context, the development of high-resolution micro-computed tomography (micro-CT)
imaging systems capable of small animal in vivo scanning has enabled precise and accurate
quantification of bone alterations in a variety of in vivo models [13, 14]. However, the
ability to quantify site-specific bone alterations (e.g., a specific surface or portions of a
surface within a volume of interest) across time requires the capability to accurately register
serial in vivo images from the same bone. Initial attempts to identify locations of site-
specific bone loss have used either mutual information strategies and/or relied upon user-
defined landmarks for registration [10, 15]. However, the accuracy of such approaches will
be compromised if the bone microarchitecture and associated landmarks used to register
serial micro-CT volumes are themselves altered by the adaptive response. These challenges
are amplified in models of trabecular bone adaptation, which demonstrate adaptive
responses on all trabecular surfaces [5, 16, 17].

Alternatively, in vivo models of cortical bone adaptation have been observed to demonstrate
surface specific adaptation in some experimental conditions. For example, we have reported
that hindlimb muscle paralysis via injection of botulinum neurotoxin A (BTxA) induces
profound acute cortical bone loss in the tibia [4, 5]. Morphologically, this loss of cortical
bone emerges via acute osteoclast driven endocortical expansion, while the adjacent
periosteal surface remains unchanged [4, 5, 18]. As such, we anticipated that this model
would be amenable to serial in vivo image registration.

Based on the magnitude of acute bone resorption following transient muscle paralysis,
which greatly exceeds disuse models that completely inhibit gait induced skeletal loading
[19, 20], we hypothesized that cortical resorption following transient muscle paralysis would
be spatially uniform around the endocortical surface. In order to test this hypothesis, we
developed and validated an image registration paradigm that, when applied to our muscle
paralysis model, accurately quantified site-specific cortical bone alterations without
requiring user intervention. As this approach relied upon an assumption of a quiescent
periosteal surface, we first assessed the precision and accuracy of our image registration
method by quantifying the reproducibility of bone morphology parameters at increasing
levels of detail in mice that were imaged twice, separated by 24 hours. Once validated, we
then used this approach to quantify site-specific endocortical resorption following transient
muscle paralysis.

2.0 METHODS
2.1 Transient Muscle Paralysis Model

All animal studies were performed in accordance with protocols approved by the
Institutional Animal Care and Use Committee, University of Washington. Transient muscle
paralysis was induced in the right calf muscle group of mice via a single injection of
botulinum neurotoxin A (BTxA; 2U/100 g body weight) [4]. Mice received BTxA treatment
on day 0 and were allowed free cage activity for the remainder of the experiment. This
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intervention induces rapid and significant degradation of both trabecular and cortical bone
compartments in the tibia [4, 5].

2.2 Experimental Design
Female C57Bl/6 mice were obtained from Jackson Laboratories with studies initiated when
the mice reached 16 weeks of age. Three experiments were undertaken. The purpose of the
first experiment was to validate the precision of the image registration approach. For this
experiment, a group of untreated mice (Validation Group, n=6) were imaged on day 0 and
again 24 hours later, a time interval in which no change in bone morphology could occur at
the implemented imaging resolution. By eliminating potential morphology alterations, this
analysis enabled volumetric registration of serial bone scans with only two sources of
variability; that associated with the repeated positioning of the mice in the micro-CT scanner
and the image acquisition variability native to the micro-CT scanner. The second experiment
assessed our hypothesis that cortical resorption following transient muscle paralysis was
spatially homogeneous. In this study, a group of mice did not receive BTxA and served as
aged matched controls (Age-Matched Controls, n=6). A second group received BTxA
injection in the right calf on day 0 (BTxA Group, n=14). Both groups were imaged on day 0
and again on day 21. The third and final experiment sought to establish an initial biological
framework for the spatial pattern of osteoclastic resorption by comparing it to the patterns of
osteoblastic activity at the endocortical surface. In this study, a group of untreated mice were
injected with two Calcein labels (day 0 and day 9; 15 mg/kg i.p.) and standard dynamic
histomorphometry was used to determine endocortical mineralizing surface (e.MS;
Histomorphometry Group, n = 5).

2.3 Micro-CT Imaging
High-resolution micro-CT images of the right tibia midshaft were obtained for all mice on
day 0 (Scanco CT 40; 10.5 µm voxel size, 55 kVp, 145 µA). While anesthetized with
isoflurane, the right hindlimb of each mouse was secured in a custom apparatus in order to
maximize the reproducibility of leg orientation and stability during the scan process. The
imaged region spanned a 4.15 mm section of the tibia mid-diaphysis centered 2.75 mm
proximal to the tibia-fibula junction (Fig 1A). A second scan of the same region was
performed on the Validation Group 24 hours following the first imaging, and on day 21 for
the Age-Matched Control and the BTxA Groups.

2.4 Image Registration
Prior to registration, all raw micro-CT image data was preprocessed using a Gaussian Filter
algorithm to remove image noise (Sigma = 1.2, Support = 2.0), followed by cortical bone
segmentation within the scan volume using standard image thresholding techniques [21].
Specifically, image data were binarized using a manufacturer recommended threshold for
cortical bone identification (705.97 mg HA/cm3) where dataset values greater than or equal
to the threshold were considered calcified tissue.

Pilot studies examining cortical bone loss three weeks following calf paralysis indicated that
the periosteal volume remained unchanged within the distal 50% of the scan volume (i.e.,
distal 2.1 mm) utilized in this study. We therefore used this region of the imaged bone as a
registration landmark (i.e., registration volume) to register the entire secondary scan volume
onto the primary scan volume obtained on day 0.

The endocortical volume of the binarized cortical bone volumes was digitally filled using
custom image editing software (Matlab). The edited primary and secondary scans of
individual mice (i.e., filled periosteal volumes) were registered using a vendor supplied 3-D
image registration program (Scanco IPL Registration Command). Alignment of filled micro-
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CT volumes was achieved through iterative identification of optimal translational and
rotational parameters (Fig 1). Image registration was achieved via stepwise trial translations
and rotations (using a combination of simplex and Powell’s search methods) that minimized
the function ‘f=1-r’ (with ‘r’ being the correlation coefficient and ‘r=1’ representing a
perfect correlation) [22, 23]. To avoid approaching ‘local minima’ solutions, image
registration was performed initially on a courser resolution than the original scan volume
(1/16 of original scan resolution). As the search neared a global minimum, the resolution
increased to that of the original scan resolution in order to enable voxel accurate results. The
procedure was iteratively performed until no further improvement in image registration was
obtained (i.e., changes in ‘1-r’ less than 1.0E-5). Thus, a secondary imaged volume of bone
that was both translationally and rotationally out of alignment with the primary imaged
volume was sequentially and progressively re-aligned with the primary imaged volume (Fig.
1). Once image rotational and translational parameters were identified that optimally
registered the filled periosteal volumes, these parameters were then reapplied to the raw
datasets (i.e., original scan datasets), allowing for image registration that did not rely on
endocortical morphology.

2.5 Assessment of Cortical Bone Morphology
Following alignment, spatially-registered, raw serial micro-CT scans were exported to
custom image processing software (in Matlab) for evaluation of bone morphology. The
center 3.15 mm of each scan volume was used for analysis in all studies (the literature
indicated that a ± 0.5 mm z-dimension variation in scan origins of serial micro-CT scans
was sufficient to account for variability in z-dimension positioning of tibia; [24]). Cortical
bone measures were quantified by summing the non-zero voxels in the thresholded binary
data sets. To quantify periosteal measures, the endocortical volume within the cortical bone
data sets was digitally filled using custom imaging software and non-zero voxels quantified.
Endocortical measures were determined as the difference between periosteal and cortical
datasets. Cortical porosities were treated as endocortical volume as it was assumed that they
would be similarly affected by osteoclastic activity. As these porosities on average (± s.e.)
account for only 0.6 ± 0.1% of the total endocortical volume, the total contribution of the
cortical porosities to overall bone loss was minimal.

Cortical bone morphology was characterized at three levels of scale: 1) the entire analyzed
scan volume (whole bone), 2) at seven transverse cross-sections equally spaced along the
analyzed volume (cross-section), and 3) eight circumferential sectors within each of three
cross-sections equally spaced along the analyzed volume (site-specific). The three equally
spaced cross-sections examined in the site-specific analysis bracketed the analyzed volume
and were labeled Proximal, Midshaft and Distal, respectively.

The morphologic parameters quantified at the whole bone level included periosteal volume
(Ps.Vol), cortical volume (Ct.Vol) and endocortical volume (Ec.Vol). For cross-sectional
and site-specific analyses, periosteal area (Ps.Ar), cortical area (Ct.Ar), and endocortical
area (Ec.Ar) were quantified. To identify site-specific (i.e., circumferential) bone
morphology, each primary and registered secondary 2-D cross-section was partitioned
circumferentially into 8 equal angled sectors originating from the center of mass of the
cortical bone cross-section of the primary (Day 0) scans. Eight sectors per cross-section
were chosen based on pilot data indicating that further increasing sectors per cross-section
did not improve the ability of this technique to identify focal circumferential bone changes
(data not shown).
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2.6 Outcome Measures
Bone morphology measures were determined at all three levels of scale and were used to
assess the accuracy of the image registration approach (Validation Group) and the tissue
location of cortical bone alterations (Age-Matched and BTxA Groups). Differences were
determined by comparing the primary and registered secondary scans. Whole bone analysis
quantified the percent difference of entire scan volumes. Cross-sectional analysis was used
to assess bone alterations along the long-axis of the scan volume at each of seven equally
spaced 2-D transverse cross-sections. Finally, site-specific circumferential bone morphology
alterations within the Proximal, Midshaft and Distal cross-sections were quantified on a per
sector basis.

2.6.1 Image Registration Accuracy—To quantify image registration accuracy,
secondary (Day 1) scans were superimposed on primary (Day 0) scans for the Validation
Group. The mean absolute percent error (MAPE) between the bone volume measures in the
primary and registered secondary scan volumes were then calculated at the whole bone,
cross-section and site-specific levels (i.e., perfectly aligned, volumetrically-identical serial
scans would produce mean absolute percent errors of 0% for all measures at all scales).

To determine at which level of scale image registration became necessary to accurately
reproduce morphologic measures, the MAPE calculated for registered secondary volumes
was compared to the MAPE calculated for unregistered secondary volumes. To accomplish
this, unregistered secondary images were assumed to have identical global coordinates as the
primary images (e.g., the most distal cross-section in the unregistered secondary image
corresponded with the most distal cross-section in the primary image).

Finally, we assessed the accuracy of the image registration technique (which relied on the
assumption of a quiescent periosteal volume) in the presence of simulated endocortical bone
resorption (i.e., mimicking the anticipated effect of BTxA). For this simulation, we digitally
imposed homogeneous endocortical resorption onto the Day 1 scans. Specifically, a 31.5
micron thick volume of cortical bone was digitally removed homogeneously from the entire
endocortical surface (altered Day 1 scans). Day 1 scans before and after simulated
endocortical bone removal were identically oriented. Comparison of the altered and
unaltered Day 1 scans did not require image registration and site-specific bone loss
identified in this comparison therefore serve as the benchmark pattern of bone loss. We then
registered altered Day 1 scans onto the Day 0 scans as described above, calculated site-
specific endocortical bone loss at the Midshaft cross-section, and contrasted those data with
the benchmark pattern of bone loss. This comparison enabled us to assess the accuracy of
the image registration approach in the presence of significant, albeit digitally imposed,
homogeneous endocortical expansion.

2.6.2 Bone Loss Induced by Muscle Paralysis—Changes in bone morphology
induced by transient muscle paralysis were determined by assessing alterations in bone
morphology (expressed as percent difference from Day 0) at each of the three levels of scale
for Age-Matched Control and BTxA treated mice. A comparison of periosteal volumes was
first performed to confirm that no significant alterations of the periosteal volume occurred
within 21 days of BTxA treatment. Given our hypothesis and previous data demonstrating
that cortical bone loss arises due to endocortical expansion, the site-specific analysis was
confined to assessing alterations in endocortical area (Ec.Ar) at three equally spaced cross-
sections along the scan volume.

2.6.3 Comparison of Endocortical Bone Formation and Bone Resorption—
Endocortical mineralizing surface (e.MS) was quantified in the right tibia of
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Histomorphometry mice using standard dynamic histomorphometry [25, 26]. To assess focal
osteoblast function, e.MS was calculated within each of eight sectors (identical to the sector
morphology analysis above) for both the Proximal and Distal cross-sections. Circumferential
e.MS in the Histomorphometry mice (which were untreated) was then contrasted with
locations of endocortical expansion induced in mice following transient muscle paralysis. To
facilitate comparison of focally induced osteoclast activity vs baseline osteoblast activity,
the endocortical expansion (BTxA Group) and e.MS (Histomorphometry Group) datasets
were normalized by quantifying the contribution of each sector to the overall cross-section
total (either total endocortical expansion or total e.MS).

2.7 Statistics
Paired T-tests were used to compare precision of the image registration algorithm to
reproduce bone morphologic measures at all three scales investigated. Treatment effects of
BTxA were determined by comparing differences in Age-Matched Control versus BTxA
Groups using unpaired T-tests (at the whole bone level) and MANOVA with a Bonferroni
post-hoc analysis (at the cross-section level). One-way ANOVA with a Bonferroni post-hoc
analysis were used to determine circumferential non-uniformity of bone loss at the three
individual cross-sections examined. The circumferential difference between e.MS in the
Proximal and Distal cross-sections in untreated Histomorphometry mice were determined
using unpaired T-tests. A focused ANOVA with a Bonferroni post-hoc analysis comparing
sector differences in normalized e.MS and normalized endocortical expansion was used to
contrast areas of baseline osteoblastic activity with focal areas of endocortical resorption
induced by transient muscle paralysis. Statistical significance was determined at p<0.05 in
all assessments.

3.0 RESULTS
3.1 Image Registration Accuracy

Using the periosteal volume as the registration landmark, our image registration approach
produced highly correlated registered images in the Validation Group (r=0.995 ± 0.001)
requiring an average (± s.e.) of 282 ± 18 iterations per specimen to reach optimal
registration parameter values. At the whole bone level, the MAPEs in both registered and
unregistered scans were less than 0.5% regardless of morphologic outcome measure (Table
1). Similarly, the MAPEs for all morphology parameters in the transverse cross-section
analysis were small (less than 1.0%) and not significantly different between registered and
unregistered scans (Table 1). Image registration substantially improved the reproducibility
with which bone morphology parameters could be measured at specific sites within a given
cross-section. On a per sector basis, the MAPEs in registered scans were significantly
reduced compared to unregistered scans for Ps.Ar (p<0.02), Ct.Ar (p<0.03) and Ec.Ar
(p<0.02; Table 1).

Image registration did not affect the ability to accurately quantify a known simulated
endocortical bone loss in the digitally altered Day 1 scans at any of the three levels of scale.
At the whole bone level, there was no significant difference in the percent Ec.Vol alterations
quantified in the benchmark and registered Day 1 scans (26.3 ± 0.4% vs 26.2 ± 0.5%,
p=0.73). Similarly, endocortical expansions quantified at the cross-sectional level was
similar in benchmark and registered Day 1 scans (26.4 ± 0.4% vs 26.3 ± 0.4%, p=0.77).
Finally, a comparison of site-specific endocortical expansion at the Midshaft cross-section
showed no significant difference between the quantified per sector bone loss in the
benchmark and registered Day 1 scans for any sector (Fig. 2).
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3.2 Cortical Bone Loss Induced by Transient Muscle Paralysis
At the whole bone level, muscle paralysis did not alter Ps.Vol compared to Age-Matched
Control mice (−0.7 ± 0.3% versus −0.6 ± 0.3 %, respectively; p>0.78). As expected, muscle
paralysis significantly decreased Ct.Vol over 3 weeks compared with Age-Matched Controls
(−6.9 ± 1.1% versus 1.6 ± 0.9%, respectively; p<0.001), due to a significant expansion of
Ec.Vol (9.4 ± 1.6% vs. −3.5 ± 1.7%, p<0.001).

At the cross-sectional level, changes in periosteal volume were small and non-significant in
BTxA treated mice (ranging from 0.4% to −1.4%) and did not differ from Age-Matched
Controls at any cross-section examined (Fig. 3). Within the distal region used to register the
bone, where the assumption of unchanged periosteal volume was made, alterations in Ps.Ar
were particularly small (between 0.4% to −0.5%). Muscle paralysis decreased Ct.Ar
compared with Age-Matched Controls, with six of seven cross-sections demonstrating
statistical significance (Fig. 3). Identical to the bone loss pattern identified at the whole bone
level, decreased Ct.Ar arose via a significant increase in Ec.Ar in the BTxA treated group
compared to Age-Matched Controls in all seven cross-sections (Fig. 3).

At the site-specific level, observed patterns of bone loss were in sharp contrast to our
hypothesis that transient paralysis would induce uniform endocortical resorption.
Specifically, the assessment of endocortical expansion in the three analyzed cross-sections
spanning the mid-diaphysis region of interest revealed heterogeneous, but reproducible,
patterns of bone resorption. At the Proximal location, mean endocortical expansion due to
muscle paralysis was most heterogeneous (range: 36.4 to −3.9%) and focused primarily in
the anterior sectors of the cross-section (Fig. 4). At the Midshaft, endocortical expansion
was the most uniform, but still demonstrated regions of profound and minimal bone loss
(19.9 to 5.2%; Fig. 4). Endocortical resorption in the Distal cross-section was also site-
specific (28.1 to 4.9%, Fig. 4), but, in contrast with the Proximal cross-section, maximal
bone resorption was focused within the posterior aspect of the cross-section.

3.3 Comparison of Endocortical Bone Formation and Bone Resorption
The spatial distribution of osteoblast activity varied between the Proximal and Distal cross-
sections in untreated Histomorphometry mice (Table 2). For the Proximal cross-section,
e.MS was significantly greater on the posterior/medial cortex (Sector 6, p<0.05), while at the
Distal cross-section e.MS was significantly greater on the anterior/medial cortex (Sector 4,
p<0.02; Table 2). Qualitatively, the sites of baseline endocortical osteoblast activity did not
spatially correspond with sites of focal osteoclast activity (Fig. 5A&B). At the Proximal
cross-section, the normalized baseline e.MS was significantly different from the normalized
endocortical expansion induced in sector 6 (p<0.03, Fig. 5C). At the Distal cross-section,
baseline normalized e.MS was significantly different from sites of induced osteoclast
activity in sectors 3, 4, 6 and 7 (p>0.04, Fig. 5C).

4.0 DISCUSSION
Contrary to our hypothesis, we found that endocortical expansion induced by transient
muscle paralysis of the calf was remarkably site-specific within the tibia mid-diaphysis of all
mice. We identified this spatial pattern of bone resorption by developing and validating an
automated image registration procedure that was capable of defining focal in vivo bone loss
if the periosteal volume was unchanged during the experimental intervention. The
reproducibility of sites of focal endocortical expansion across animals suggests a locally
mediated process in which specific regions of the endocortical surface actively enhanced or
inhibited osteoclastic attachment and/or resorption.
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The literature describing site-specific bone loss has primarily focused upon the varied
sensitivity of different skeletal regions to disuse [6, 27–29]. A single previous study reported
uniform diaphyseal endocortical expansion following functional isolation of the turkey
radius, though activation of intracortical resorption in this model was distinctly non-uniform
[12]. Though these previous results, in part, led to our hypothesis, two differences between
that study and the present study are likely to underlie the distinct results. First, the previous
study used a best-fit strategy to align cross-sectional images that is likely to have biased
assessment of focal endocortical resorption. Second, from a mechanical perspective,
complete isolation from functional loading via osteotomies is likely to induce a much more
profound deprivation of mechanical stimuli than transient calf paralysis.

We first determined the scale (whole bone, cross-section, or site-specific) at which our
image registration approach was required to accurately identify biological adaptation given
the variability inherent with repeatedly imaging the same region of cortical bone. This
variability arises from a combination of the actual image acquisition by the micro-CT
scanner and the reproducibility of aligning the specimen within the micro-CT scanner. We
found that image registration produced no significant improvement in the ability to detect
alterations that occur across or along the entire scan volume (i.e., no improvement on whole
bone or transverse cross-section comparisons in Validation Group mice). This finding is
consistent with recent published data showing that whole bone metric parameters are
reproducible across scans [30]. However, image registration did significantly improve the
ability to align bones circumferentially (as represented at the site-specific level). These
results demonstrate that accurate ex post facto image registration is required in order for in
vivo quantifications of site-specific bone alterations. Critically, it is this level of detail that is
needed to explore focal cellular activity that is responsible for achieving acute bone
adaptation.

In this study, we used the periosteal volume of the tibia mid-shaft as an unchanged landmark
capable of registering serial images. This assumption requires that the periosteal volume
(i.e., the filled volume) remains quiescent through the study duration (i.e., unchanged
volume not a result of an equilibrium between bone resorption and apposition). We have
previously published dynamic histomorphometric data indicating that osteoblast activity on
the periosteal surface of the tibia mid-diaphysis was not altered when the calf is paralyzed
by BTxA [5]. These data, taken with unchanged micro-CT periosteal volume measures
identified both in this study and in previous studies [5], confirms that the tibia mid-shaft
periosteal volume remained quiescent for up to 3 weeks following transient calf muscle
paralysis.

Identification of an invariant registration landmark within in vivo models that also
demonstrate profound alterations in bone morphology has been a primary impediment to
using serial high-resolution micro-CT imaging to accurately quantify site-specific bone
adaptation. To circumvent this problem, previous studies have used operator-defined regions
of interest (ROI) to enable alignment of micro-CT images across time via mutual
information registration [10, 15]. The implicit assumption is that the bone morphology
within the user identified ROI is unvarying through the experiment or that bone apposition/
resorption is uniform on all surfaces. Our image registration methodology differs in that we
defined the absence of periosteal adaptation through the mid-diaphysis and thus avoided
manual identification of registration landmarks or the assumption of uniform bone
apposition/resorption. Given the unchanged periosteal volume, we were then able to assess
the accuracy of our image registration approach in animals with substantial cortical bone
loss. This advancement has allowed us to use serial micro-CT images to quantify the
morphologic result of osteoclast activity, while previous image registration techniques were
limited to use for qualitative assessment of bone alterations [15]. As the novelty of our
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approach lies with the application of the image registration algorithm (rather than its
development), the accuracy and precision of superpositioning unaltered whole bone volumes
in our study is similar to those described in other image registration studies [10, 30]. We
also assessed our ability to accurately quantify endocortical bone alterations by digitally
manipulating the endocortical surface in the Validation Group’s Day 1 scans. By comparing
this known bone loss (i.e., benchmark bone loss pattern) to that quantified when the altered
Day 1 scans were registered on the Day 0 scans, we demonstrated that the image registration
approach itself did not affect our ability to accurately quantify focal endocortical bone
resorption.

Conceptually, our image registration methodology could be implemented in any animal
model in which one cortical surface remains constant through the experiment (i.e., resulting
in a constant endocortical or periosteal scan volume). Thus, under anabolic conditions, the
strategy could be extended to quantify periosteal adaption should the endocortical surface
remain unchanged [26, 31]. However, a clear limitation of our approach is the inability to
serially register micro-CT images of bone regions in which both surfaces are modified
during the experiment. Given this limitation, our registration strategy would be best
implemented in models that demonstrate rapid, surface-specific bone resorption or
formation, as longer time course experiments in rodents will inevitably be confounded by
surface modeling [32, 33].

While it is not possible to directly apply our current approach to explore in vivo alterations
in trabecular morphology (in the absence of a quiescent surface our approach regresses to a
best-fit algorithm), it is conceptually possible to extend the strategy to study focal trabecular
adaptation. The primary challenge is that acute trabecular adaptation to mechanical loading,
disuse, or alterations in systemic hormones is not confined to a single surface [6, 11, 34].
One possible solution would be to simply use our present registration technique on an
expanded scan volume that encompassed the entire bone length in order to identify an
unchanged surface. However, such an extended scan volume would greatly increase
radiation exposure and time under anesthesia, both of which may be deleterious for normal
skeletal health in mice [35]. Instead, we anticipate that accurate trabecular registration could
be accomplished by scanning two distinct but smaller volumes (e.g., an unchanged
registration volume within the mid-diaphysis and a spatially non-contiguous region spanning
the epiphysis and metaphysis). Translational and rotational parameters for the accurate
superpositioning for the mid-diaphysis could be applied to the region of interest by using
global micro-CT image coordinates that reference the relative position of non-contiguous
bone scans obtained within a single scanning session. This extension would allow for
mapping of bone alterations at any skeletal location as long as an unchanged bone volume
(periosteal or endocortical) was available within the same micro-CT scanning session and
was part of the same bone ‘rigid-body.’ Ongoing preliminary studies support further
investigation of this strategy [36].

In the current study, we were able to generate a 3-D map of endocortical bone resorption at
the tibia mid-shaft following transient paralysis of the calf muscles. In contrast with our
hypothesis, regions of focal endocortical resorption were clearly activated along the long
axis of the tibia, even within the relatively small analyzed portion of the mid-diaphysis (20%
of total diaphyseal length). The consistency of the asymmetric spatial pattern of bone
resorption following muscle paralysis suggests that osteoclasts were not homogeneously
distributed along the endocortical bone surface, but rather directly recruited to specific
surface locations. Resorption in the proximal analysis region was focused on the anterior
endocortical surface but resorption in the distal analyzed region was focused on the posterior
endocortical surface. As the calf muscle group spans the entire diaphyseal region of study,
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this result implied that direct spatial association with the paralyzed muscle is not likely to be
the primary mediator of acute focal bone resorption in this model.

Alternatively, given the relation between mechanical stimuli and bone morphology [37–39],
it might be suggested that the regions of focal resorption correspond with regions of
maximally decreased bone strain. As the gait defect induced by calf paralysis is mild and
transient [5], it would be reasonable to assume that the regions of peak tension and
compression during gait would be the sites of greatest change in locomotion-induced strain.
However, we have recently quantified peak normal strains in the mouse tibia during
locomotion, and neither the location of peak tension (anterior/lateral cortex) or peak
compression (posterior/medial cortex) corresponds with the regions of focal bone resorption
[40].

Given the apparent lack of relation between maximal endocortical resorption and diminished
mechanical stimuli, we attempted to determine if normal endocortical osteoblastic was
spatially associated with focal activation of resorption in the model (or the lack of
resorption). We found that regions with significant osteoblastic activity (as defined by
Calcein labeling) were spatially associated with minimal osteoclastic resorption following
muscle paralysis. While preliminary, these data suggest that muscle paralysis induced
endocortical resorption was minimally initiated in regions normally undergoing endocortical
modeling. Instead, endocortical expansion appeared focused upon surfaces quiescent in
naïve mice (or, potentially, accelerated at sites already undergoing modeling associated
resorption). These data are consistent with an accentuation of the resorptive aspect of normal
cortical bone modeling drift in which accumulated endocortical resorption tends to proceed
on the opposite part of the cross-section from accumulated bone formation [41]. A clear
limitation of these observations is that quantification of focal endocortical osteoblast and
osteoclast activity where performed on separate groups of mice. However, if these
preliminary data were substantiated with more extensive histomorphometry, it would
suggest that specific cortical regions are more predisposed to acute bone resorption
following muscle paralysis. As such, this type of focal loss could disproportionately
diminish bone strength, depending on the plane of bending of the bone.

In summary, we quantified focal areas of acute endocortical resorption within the tibia mid-
diaphysis following transient calf paralysis via a single injection of BTxA. To accomplish
this goal, we developed and validated a novel approach capable of automated quantification
of spatial osteoclastic activity in a model of acute bone resorption. Surprisingly, we found
that even within a small volume of the diaphysis, maximal endocortical resorption
consistently shifted from the anterior to posterior surface while moving proximally to
distally through a relatively small volume of interest. Given the consistent spatial
recruitment of osteoclasts following muscle paralysis, we anticipate that future studies hold
the potential to clarify the cellular signaling underlying this locally mediated process and
thereby identify new strategies for intervening in a variety of bone loss pathologies.

Highlights

We validated an imaging approach to quantify endocortical bone resorption in vivo.

We found that endocortical resorption induced by muscle paralysis was site-specific.

This response was consistent with local modulation of osteoclast function.
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Fig. 1.
Serial micro-CT scans of 4.15 mm of the tibia diaphysis (A, inset box) were obtained prior
to BTxA injection (B, Day 0) with a secondary scan obtained 3 weeks later (C, or 1 day later
in Validation Group). The secondary scan was then registered onto the primary scan (D)
using the periosteal volume of the distal 2.1 mm of the imaged region as the registration
landmark.
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Fig. 2.
To measure the ability of our image registration approach to accurately quantify a known
bone loss pattern, homogeneous endocortical resorption was digitally applied to each Day 1
scan volume in the Validation Group (−17.9 ± 0.2% induced cortical bone loss). Comparing
the digitally altered Day 1 scans to the unaltered Day 1 scans allowed for quantification of a
known bone loss pattern (Benchmark; A). The benchmark was than compared to the bone
loss pattern observed when the altered Day 1 scans were registered onto the Day 0 scans
(Registered, with resorption in gray). No significant differences were identified in the
circumferential bone loss calculated at any sector (B; p>0.95).
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Fig. 3.
Transient muscle paralysis did not alter periosteal surface changes (A; Ps.Ar) at the analyzed
2-D transverse cross-sections in Age-Matched (white diamond, partially obscured b
overlying BTxA data) vs BTxA mice (black square, mean ± s.e.). In contrast, significant
differences in cortical (Ct.Ar) and endocortical morphology (Ec.Ar) were identified at all
but one cross-section examined in BTxA vs Age-Matched Control mice (*, significantly
differences vs. BTxA, p<0.05).
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Fig. 4.
Bone loss investigated at three locations equally spaced and flanking the analyzed tibia
diaphysis volume (A) showed focal patterns of endocortical expansions that differ along the
long axis of the bone (B, bone resorption in gray). Bone loss in the proximal cross-section
was greatest in the Anterior/Lateral surface (C- Proximal), while bone loss in the distal
cross-section was greatest in the Posterior/Medial surface (C- Distal). Endocortical
expansion at the tibia midshaft was the most uniform around the circumference of the bone
cross-section, yet still varied significantly (C- Midshaft). Significant increases in
endocortical expansion across sectors are denoted by an asterisk followed by the sector
number(s) in which a significant difference was determined (p<0.05).
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Fig. 5.
At the Proximal cross-section, osteoclast activity was greatest in the Anterior/Lateral cortex
(A-Proximal, white arrows highlighting resorption in red), while the contribution of
osteoblast activity was highest on the Posterior/Lateral surface (B-Proximal, white arrows
highlighting Calcein labeling in green). Conversely, at the Distal cross-section, endocortical
expansion occurred primarily in the Posterior cortex (A-Distal, white arrows) while
osteoblast activity was greatest on the Anterior/Medial surface (B-Distal, white arrows).
Sectors with significant differences between normalized endocortical expansion and
normalized e.MS are noted (C; *, p<0.05).
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Table 1

Mean Absolute Percent Error in Registered Versus Unregistered Validation Group [mean ± s.e.]a

Periosteal Cortical Endocortical

Whole Bone (n=6)
Registered 0.31 ± 0.08% 0.37 ± 0.10% 0.46 ± 0.15%

Unregistered 0.33 ± 0.05% 0.36 ± 0.10% 0.41 ± 0.20%

Cross-Section (n=6b)
Registered 0.36 ± 0.07% 0.60 ± 0.08% 0.89 ± 0.11%

Unregistered 0.42 ± 0.05% 0.66 ± 0.07% 0.93 ± 0.20%

Site-Specific (n=6b)
Registered 1.95 ± 0.27%* 1.94 ± 0.24%* 3.52 ± 0.31%*

Unregistered 15.41 ± 3.77% 11.40 ± 2.92% 23.6 ± 5.66%

a
Perfect spatial reproduction of the Day 0 scan would result in 0% mean absolute error.

b
Individual animal means for all possible comparisons (Cross-Section: 300; Site-Specific: 1800) were used for this analysis.

*
Significantly reduced vs Unregistered (p<0.05).
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Table 2

e.MS Per Sector at Distal and Proximal Cross Sections [mean ± s.e.]

Proximal Distal

Sector 1 17.1 ± 12.8% 10.8 ± 5.8%

2 30.5 ± 16.0% 24.9 ± 9.2%

3 14.7 ± 6.0% 46.3 ± 14.6%

4 5.7 ± 2.1% 41.6 ± 11.9%*

5 35.2 ± 8.4% 24.6 ± 10.5%

6 54.2 ± 15.5%* 14.9 ± 4.7%

7 34.3 ± 18.8% 11.4 ± 3.5%

8 10.6 ± 6.2% 2.5 ± 2.1%

*
Significant difference between Proximal and Distal cross-sections (p<0.05)
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