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Abstract:

Postmenopausal osteoporosis affects a large number of women worldwide. Reduced
estrogen levels during menopause lead to accelerated bone remodeling, resulting in low bone
mass and increased fracture risk. Both peak bone mass and the rate of bone loss are important
predictors of postmenopausal osteoporosis risk. However, whether peak bone mass and/or bone
microstructure directly influence the rate of bone loss following menopause remains unclear. Our
study aimed to establish the relationship between peak bone mass/microstructure and the rate of
bone loss in response to estrogen deficiency following ovariectomy (OVX) surgery in rats of
homogeneous background by tracking the skeletal changes using in vivo micro-computed
tomography (LCT) and three-dimensional (3D) image registrations. Linear regression analyses
demonstrated that the peak bone microstructure, but not peak bone mass, was highly predictive
of the rate of OVX-induced bone loss. In particular, the baseline trabecular thickness was found
to have the highest correlation with the degree of OVX-induced bone loss and trabecular
stiffness reduction. Given the same bone mass, the rats with thicker baseline trabeculae had a
lower rate of trabecular microstructure and stiffness deterioration after OVX. Moreover, further
evaluation to track the changes within each individual trabecula via our novel individual
trabecular dynamics (ITD) analysis suggested that a trabecular network with thicker trabeculae is
less likely to disconnect or perforate in response to estrogen deficiency, resulting a lower degree
of bone loss. Taken together, these findings indicate that the rate of estrogen-deficiency-induced
bone loss could be predicted by peak bone microstructure, most notably the trabecular thickness.
Given the same bone mass, a trabecular bone phenotype with thin trabeculae may be a risk factor

toward accelerated postmenopausal bone loss.
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1. Introduction

Postmenopausal osteoporosis is a common metabolic bone disorder that affects
approximately 30% of women over the age of 50 in the United States and poses a significant
financial burden on healthcare . The rapid decline in estrogen levels during menopause leads
to accelerated bone resorption that outpaces bone formation, resulting in skeletal structural
deterioration, which subsequently causes bone fragility and elevated fracture risk in
postmenopausal women &9,

Fractures induced by postmenopausal osteoporosis most commonly occur in the spine
(vertebral body), hip (femoral neck and intertrochanter), and wrist (distal radius), where
trabecular bone predominates ""¥. Trabecular bone has greater surface to volume ratio and
considerably greater bone remodeling activities when compared to cortical bone, and thus is
more susceptible to loss of bone mass caused by high turnover ®!V. The current gold standard
for diagnosing osteoporosis is through assessment of areal bone mineral density (aBMD) using
dual-energy X-ray absorptiometry (DXA) (>4 However, aBMD has significant limitations due
to its two-dimensional (2D) nature and its inability to assess bone microstructure. As a result,
over 50% of fractures occur in women who are not classified as osteoporotic based on aBMD
(15,10 ‘Factors other than aBMD, including three-dimensional (3D) bone density, measured as
volumetric bone mineral density (vBMD) and trabecular bone volume fraction (BV/TV), and
bone microstructure, such as the orientation, connectivity, and topological types of trabeculae
(plate vs. rod) play important roles in maintaining the mechanical integrity of bone (!'!7-25_ A
significant body of work has demonstrated that knowledge of the detailed trabecular

microstructure significantly improves fracture risk assessment (%21,



Despite its substantial burden, osteoporosis is a silently progressing disease, and as a
result, is usually not observed until bones have irreversibly weakened and fractures have
occurred ?®. Therefore, an earlier prediction of osteoporosis risk could contribute to the
prevention and management of postmenopausal osteoporosis, and thereby effectively reduce
fracture risk. One such factor which can provide an early prediction of postmenopausal
osteoporosis risk is the peak bone mass that is attained in young adulthood. A greater bone mass
earlier in life provides a buffer so that even in the presence of postmenopausal bone loss, enough
bone remains to support the mechanical function of the skeleton 73V,

In addition to the peak bone mass and microstructure, the rate of bone loss also plays an
important role in predicting osteoporotic fracture risk 2. A high rate of bone loss post-
menopause would lead to rapid deteriorations in bone structure, where bone tissue in unable to
accommodate such high remodeling, thereby increasing fracture risk. Indeed, several clinical
studies have shown that the annual rate of postmenopausal aBMD change in women who
sustained major osteoporotic fractures is significantly higher than those who remained fracture-
free >3 Independent of baseline bone mass, the rate of bone loss may be an additional
predictor of fracture risk in postmenopausal women @437,

Apart from their direct effects on fracture risk, the peak bone mass and postmenopausal
bone loss rate also have the potential to interact and influence one another. Thus, peak bone mass
and/or bone structure may impact the rate of bone loss following menopause. However, whether
or not this occurs remains unclear. Clinical investigations have reported highly variable results
on the relationship between baseline BMD and rate of postmenopausal bone loss, ranging from a

negative association ¥, to no effect ¢*49, to a positive correlation “!** of baseline bone mass

with annual rates of bone loss. Several rodent studies compared the skeletal response to estrogen



deficiency induced by ovariectomy (OVX) surgery, which simulated the bone changes observed
in women after menopause, among different inbred mouse strains and found that mice with
higher initial bone mass (measured as BV/TV) underwent higher rates of bone loss, indicating
that higher baseline BV/TV does not necessarily offer protection against estrogen deficiency-
induced bone loss “449. However, findings of these studies were based on a pool of mice of
heterogeneous genetic background. Genetic differences among the mouse strains may act as a
confounding factor which influences the peak bone mass as well as the rate of estrogen-
deficiency-induced bone loss. Moreover, how peak trabecular bone microstructure, independent
of bone mass, affects the rate of estrogen deficiency-induced bone loss remains unclear.

Recent advancements in in vivo micro computed tomography (LCT) have enabled OVX-
induced changes in 3D bone density and bone microstructure to be longitudinally tracked in rats
and mice **-*¥, In a previous study, we tracked skeletal changes following OVX in virgin rats
and rats that had previously undergone three cycles of reproduction ¢?. Although the rats with a
history of reproduction had drastically less trabecular bone mass prior to OVX, the rate of bone
loss in response to OVX was significantly attenuated when compared to age-matched virgin rats.
By pooling the data of all rats together, a phenotype of fewer but thicker trabeculae was
identified to be protective against OVX-induced bone loss. However, the reproductive history
may impact OVX bone loss through other biological pathways, and as a result, the independent
effect of peak trabecular bone phenotype on post-OVX bone loss remains unclear. Therefore, the
objective of the current study was to investigate the relationship between peak bone
mass/microstructure and the rate of bone loss induced by estrogen deficiency in a large cohort of
virgin female rats of homogeneous background. In contrast to previous studies in mice and our

prior work in post-reproductive rats, where differences in post-OVX bone loss rates may be



driven by outside factors (such as murine strain differences and reproductive history), this study
was designed to test whether natural variations in bone microstructure (without external
influences) are correlated with post-OVX bone loss rates. This was achieved by tracking skeletal
changes using in vivo pCT and 3D image registrations. Moreover, our lab has developed a novel
image analysis technique, individual trabecular dynamics (ITD) analysis ©¥, to track the changes
of each individual trabecula over time. By applying the ITD analysis, we further elucidated how
the thickness of each individual trabecula influences its susceptibility to structural deterioration
and bone loss in response to estrogen deficiency. Based on our previous findings, we
hypothesized that peak trabecular bone microstructure could play a role in predicting the rate of
OVX-induced bone loss.
2. Methods
2.1 Animal Protocol

All animal experiments were approved by the University of Pennsylvania's Institutional
Animal Care and Use Committee. A total of 63 female Sprague Dawley rats, purchased from
Charles River, underwent bilateral ovariectomy (OVX) surgery at the age of 16-17 weeks
followed by osteopenia development for 4 weeks. /n vivo pCT imaging was performed for all
rats prior to OVX and 4 weeks post-OVX. The uterus was collected and weighed immediately
post-sacrifice to confirm the success of OVX surgery. Throughout the study, all rats were housed
in standard conditions with three rats per cage but were separated to one rat per cage for one
week following OVX surgery, followed normal cage activities.
2.2 In Vivo uCT Scans, Image Registration, and Trabecular Bone Microstructural Analysis

The right proximal tibiae of all rats were imaged using in vivo uCT (Scanco vivaCT40,

Scanco Medical AG, Briittisellen, Switzerland) immediately prior to OVX (week 0) and at 4



weeks post-OVX (week 4), following the protocol described in . Briefly, after uCT
calibration, rats were anesthetized (4/2% isoflurane), and the right tibia was fixed in a
customized holder to minimize motion. A 4.2 mm thick segment of the proximal tibia, located
0.3 mm below the proximal growth plate, was scanned at 10.5 pm voxel size, with 200 ms
integration time, 145 pA current, and 55 kVp energy, resulting in an average scan time of 20
minutes and radiation dose of 0.639 Gy. The in vivo nCT image of one rat was excluded in this
study due to motion artifacts, resulting in a final sample size of n=62.

Three-dimensional (3D) image registration was performed to longitudinally track
changes in trabecular microstructure within a constant trabecular volume of interest (VOI) in the
sequential in vivo nCT scans of the proximal tibia. Pairs of in vivo pCT images for each rat at 0
and 4 weeks post-OVX were aligned by using a mutual-information-based, landmark-initialized,
open-source registration toolkit (National Library of Medicine Insight Segmentation and
Registration Toolkit) ®>%®, A 1.5-mm thick, trabecular VOI, located 2 mm distal to the growth
plate, was manually segmented in the week 4 scan and traced back to the earlier scan at week 0
based on the transformation matrix that resulted from the registration. Thus, a consistent
trabecular VOI of each rat was identified and monitored post-OVX (Fig 1A). Details of the
image registration process can be found in our previously published study ¢,

Standard parameters of trabecular bone microstructure 7 were measured within each
trabecular VOI. Briefly, the uCT images of trabecular bone were Gaussian filtered (sigma=1.2,
support=2) and thresholded by a global threshold (corresponding to 544 mgHA/cm?), identified
based on an adaptive threshold function provided by the uCT scanner manufacturer. Trabecular
microstructural parameters, such as bone volume fraction (BV/TV), trabecular number (Tb.N),

trabecular thickness (Tb.Th), trabecular separation (Tb.Sp), structure model index (SMI), and



connectivity density (Conn.D), were quantified. Percent changes between week 0 and week 4
were calculated for all trabecular parameters in each rat.
2.3 Micro-Finite Element Analysis

Whole-bone stiffness was computed for a 1.5 mm-thick region of the proximal tibia,
located 2 mm distal to the growth plate, by using a linear micro-finite element analysis (LFEA)
9. Briefly, the pCT images containing both cortical and trabecular bone compartments were
downsampled to a voxel size of 15.75 um, then each bone voxel was converted to an eight-node
brick element, with bone modeled as a linear elastic material with Young's modulus of 15 GPa
and Poisson's ratio of 0.3 ®*®. An axial compression was simulated by applying a displacement of
0.01 mm (1% strain), and the resulting total reaction force was computed . In addition, the
fraction of the total load carried by the trabecular compartment was calculated at the most distal
slice. Based on the trabecular load share fraction, the reaction force exerted by trabecular
compartment at the most distal bone slice of the 1.5 mm-thick tibia region was estimated, and
applied to calculate the corresponding stiffness of trabecular compartment (Tb.Stiffness) %,
2.4 Linear Regression Analysis

Martinez-Iglewicz normality test was conducted to test whether the data points could
satisfy the assumption underlying the linear regression analysis. Linear regression analysis was
applied to investigate the correlations between the baseline (week 0) trabecular microstructural
parameters and the corresponding percent changes in trabecular microstructural and mechanical
parameters over 4 weeks post-OVX. To evaluate the influence of trabecular bone surface (BS)
and bone surface to bone volume ratio (BS/BV) on OVX-induced bone changes, BS and BS/BV
were also included in the baseline parameters for linear regression. To further determine the most

important factors that predict post-OVX bone loss, a stepwise multiple linear regression was



performed. At each step of the stepwise regression method, the predictors with highest statistical
strength entered the model. The stepping ceased when no independent variable reached the
standard (p<0.7) for model entry.

To further determine the independent contribution of baseline trabecular thickness to
bone loss regardless of baseline BV/TV, relative Tb.Th was calculated after adjustment by
baseline BV/TV using linear regression analysis (Fig 2A-D). Subsequently, all rats were
stratified into Low, Medium, and High relative baseline Tb.Th groups, where baseline BV/TV
did not differ among the three groups (Fig 2E). Then, the percent changes in trabecular bone
volume, structural and mechanical parameters in each relative baseline Tb.Th group were
calculated.

2.5 Individual Trabecular Dynamic Analysis

Individual trabecular dynamic (ITD) analysis was performed to longitudinally track the
post-OVX changes in volume and connectivity within each individual trabecula, as described in
%, Due to the time-consuming nature of this analysis, twenty-four rats were randomly selected.
For each rat, a 1.5x1.5x1 mm trabecular subvolume located 2 mm distal to the growth plate was
identified, precisely aligned, and thresholded from pCT image pairs made at 0 and 4 weeks post-
OVX 36D The trabecular bone network was then decomposed into individual trabecular plates
and rods by using individual trabecular segmentation (ITS) analysis 2 (Figure 3A). By
comparing the segmented individual trabecula before and 4 weeks after OVX surgery, the
percent change in volume after OVX was quantified. Moreover, changes in connectivity of each
individual trabecula over the 4-week period were also examined: connectivity deterioration was
defined as a trabecular plate that became perforated or a trabecular rod that disconnected ¥

(Figure 3A); otherwise, the trabecula was defined as intact. As a result, a total of 11,862
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individual trabeculae from the 24 selected rats were analyzed. Additionally, these trabeculae
were pooled together and categorized into ten groups based on their thickness prior to OVX, and
the percent trabecular bone loss at each thickness was calculated. Moreover, the probability
density distributions of baseline trabecular thickness were compared between deteriorated and
intact trabeculae.
2.6 Statistical analysis

All results are reported as mean + standard deviation. Paired Student’s T-tests were used
to compare trabecular structural parameters as well as whole-bone stiffness between weeks 0 and
4 post-OVX. One-way ANOVA with Bonferroni post hoc correction was applied to compare the
percent changes in trabecular structural and mechanical properties post-OVX in different
trabecular thickness groups. Z-tests were used to compare trabecular thickness distributions
between deteriorated and intact trabeculae. For all tests, p-values less than 0.05 were considered
statistically significant, while p-values less than 0.1 were considered to indicate a trend of
statistical significance with specific p-value provided. In the presence of significant differences,
the changes of all parameters, except SMI, are reported as percent difference among different
groups. SMI ranges from -3 to 3, thus, inter-group differences in SMI are reported as the
absolute difference.
3. Results
3.1 Changes in trabecular microstructure and whole-bone stiffness post-OVX

All rats underwent dramatic trabecular bone loss and structural deterioration post-OVX at
the proximal tibia (Fig 1A-G). At 4 weeks post-OVX, BV/TV, Tb.N, Tb.Th, and Conn.D
decreased 57%, 39%, 10% and 73%, respectively, as compared to the baseline (week 0). On the

other hand, Tb.Sp increased 76% and SMI increased by 1.41 over 4 weeks post-OVX. In
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addition to the changes in trabecular bone structure, Tb.Stiffness also decreased 71% over the 4-
week post-OVX period (Fig 1H).
3.2 Correlation between baseline trabecular microstructure and degree of post-OVX bone loss

The data points for each parameter were continuous variables with linearity and passed
the Martinez-Iglewicz normality test, indicating that the linear regression analysis is an
appropriate model to apply. Linear regression analysis was conducted to calculate the correlation
coefficients between baseline trabecular parameters and percent changes in trabecular bone
microstructural and mechanical properties (Table 1). Surprisingly, no baseline trabecular
parameter was significantly correlated to the % decrease in BV/TV, although baseline Tb.Th
showed a negative trend of correlation with % decrease in BV/TV (r=-0.21, p=0.097).
Moreover, baseline Tb.Th was found to be the best predictor for the % decrease in Conn.D (r=-
0.62, p<0.001) and showed a trend of correlation with % decrease in Tb.N (r=-0.23, p=0.069),
indicating that greater baseline Tb.Th was associated with reduced loss in BV/TV, Conn.D, and
Tb.N. In addition, baseline Conn.D was significantly correlated to % increase in Tb.Sp (r=-0.26,
p<0.05). Intriguingly, among all baseline structural parameters, only Tb.Th was correlated
with % decrease in Tb.Stiffness, with a correlation coefficient of -0.29 (p<0.05), indicating that
greater baseline Tb.Th was associated with reduced post-OVX stiffness deterioration.

As shown in Table 2, stepwise multiple linear regression indicated that the combination
of baseline Tb.Th and Conn.D was correlated with % changes in BV/TV, Tb.Sp, and Tb.N, and
the combination of baseline Tb.Th, Conn.D, and SMI was highly correlated with % decrease in
Conn.D (p<0.01). Moreover, the combination of Tb.Th and Tb.Sp was correlated with %

decrease in Tb.Stiffness (p<0.01). Notably, all baseline trabecular structural parameters were
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significantly correlated with each other, resulting in multicollinearity when performing multiple
linear regression analyses (Supplemental Table 1).
3.3 Effects of baseline Tb.Th on OVX-induced bone loss

To further examine the influence of baseline Tb.Th independent of baseline BV/TV on
OVX-induced bone loss, all data were divided into three tertiles based on relative baseline Tb.Th
after adjustment of baseline BV/TV (Fig 2 A-D). Linear regression analysis revealed that the
baseline Tb.Th was highly correlated with the baseline BV/TV (r=0.87, p<0.001; Fig 2D), and
the corresponding residuals were used to stratify rats into Low, Medium, and High relative
baseline Tb.Th groups. As a result of this classification scheme, there was no difference in the
baseline BV/TV among these three relative Tb.Th groups (Fig 2E). However, substantial
variations in baseline Tb.Th were shown among the Low, Medium, and High relative Tb.Th
groups (Fig 2A-C), where rats in the High relative Tb.Th group showed 13% greater baseline
Tb.Th, as compared to the Low relative Tb.Th group (Fig 2F). Comparison of post-OVX bone
loss patterns among the groups indicated that the % decrease in BV/TV was 15% lower in the
High compared to the Low relative Tb.Th group (Fig 2G), and the % decrease in Conn.D in the
High group was 15% and 10% lower than the Low and Medium groups, respectively (Fig 2H).
Similar results were found for % decrease in Tb.N and % increase in Tb.Sp (Fig 21J), but no
inter-group differences were found in % decrease in Tb.Th (Fig 2K). Furthermore, % decrease in
Tb.Stiffness was 13% lower in the High compared to the Low relative Tb.Th group (Fig 2L).
Thus, given the same baseline BV/TV, rats with greater baseline Tb.Th underwent attenuated
loss in the volume, number, connectivity, and stiffness of the trabecular bone network and
reduced expansion in the spacing between trabeculae, but did not show differences in the loss in

thickness of trabeculae induced by OVX.
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3.4 Effects of baseline Th.Th on structural deterioration in individual trabeculae

A total of 11,862 individual trabeculae were tracked over the 4 weeks post-OVX. When
trabeculae were categorized to ten groups based on their baseline Tb.Th, intriguing patterns of
post-OVX bone loss became apparent. Comparisons of the percentage of bone loss among
trabeculae with different baseline thicknesses showed significant differences between adjacent
thickness groups when the baseline thickness was in the range of 0.03-0.08mm, indicating that,
within this range, trabeculae with greater baseline thickness had a reduced percentage bone loss.
Meanwhile, no difference between adjacent bins was found when the baseline thickness is
outside of the range (less than 0.03 mm or greater than 0.08mm, Fig 3B). Thus, the effect of
trabecular thickness on OVX-induced bone loss appeared to initialize when trabecular thickness
was greater than 0.03 mm, and plateau for thicknesses above 0.08 mm.

Evaluation of structural deterioration of the trabeculae indicated that a total of 3,311
trabeculae underwent rod disconnection or plate perforation, and 8,405 remained intact after
OVX. Gaussian curves fitted to the trabecular thickness distribution of deteriorated (rod
disconnected or plate perforated) and intact trabeculae (Fig 3C) indicated that the trabeculae
whose structure deteriorated after OVX had 16% lower baseline trabecular thickness than those
that remained intact.

4. Discussion

This study investigated the relationship between the peak trabecular bone
mass/microstructure and the rate of estrogen deficiency-induced bone loss in a homogeneous
background of virgin female Sprague Dawley rats. Overall, the results indicate that the peak
bone microstructure attained prior to OVX is highly predictive of the rate of OVX bone loss. In

particular, the baseline Tb.Th was found to have the highest correlation with the degree of OVX
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bone loss and is considered the most important predictor of the rate of estrogen-deficiency-
induced bone loss and connectivity deterioration.

As expected, estrogen deficiency induced substantial trabecular bone loss and
microstructural deterioration over the 4-week post-OVX period in all rats. Although rats show
continuous longitudinal growth throughout their lifespan, the growth rate of long bone
significantly slow down at the age of 3 months (®, and, in accordance to our previous studies, no
significant age-related change in trabecular microstructure was detected in the proximal tibia
from age 16-17 weeks to 21-22 weeks Y, indicating that the dramatic tibial trabecular bone loss
and microstructural deterioration found in this current study were induced by OVX surgery.
These findings align with several previous in vivo nCT-based studies in which a significant
deterioration in trabecular microarchitecture was observed at the rat proximal tibia following
OVX surgery 48305365 A5 osteoporosis progresses, the thickness and number of trabeculae
significantly reduce, and, as a result of microstructural deterioration, the topological type of
trabeculae shifts from plate-like to rod-like structure. The elevated remodeling of individual
trabecula induced by OVX causes disconnection of the trabecular bone network and increased
separation between trabeculae. An important body of work has demonstrated that this trabecular
phenotype is associated with decreased mechanical competence and increased fracture risk ©¢%67,

This study provides new insight on the pathophysiology of osteoporotic bone loss by
seeking to correlate microstructural parameters with bone loss rates. Based on the linear
regression analyses, we found no correlation between baseline bone mass and the rate of OVX-
induced bone loss. However, in contrast to our current findings, our previous study, which
tracked skeletal changes following OVX in virgin rats and rats with reproductive history, found a

positive correlation between baseline bone mass and the degree of post-OVX bone loss when
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pooling the data of all rats together **. However, the reproductive history may impact OVX
bone loss through other biological pathways, and as a result, the independent effects of peak
trabecular bone mass on the rate of post-OVX bone loss could not be isolated in a cohort of
virgin and reproductive rats with heterogeneous background. Similarly, studies in mice with
heterogeneous genetic background also found a positive correlation between OVX-induced bone
loss and baseline bone mass at the proximal tibia ***9_ Since different mouse strains were
utilized in these studies to compare the rate of bone loss caused by OVX, the positive correlation
between baseline bone mass and OVX bone loss rate may be partially attributed to the genetic
heterogeneity of the mice. Indeed, when each mouse strain was considered independently, no
significant correlations were detected between baseline BV/TV and the extent of post-OVX bone
loss “, which is consistent with our current results.

Moreover, previous clinical investigations provide highly variable information on the
association between peak bone mass and postmenopausal bone loss rate. Some clinical studies
suggested that the baseline trabecular vBMD could not predict the rate of bone loss by pQCT
measurements at the distal radius in peri- and postmenopausal women ). Moreover, a recent
study showed that the peak aBMD and the rate of bone loss during early postmenopause assessed
by DXA at lumbar spine are independent risk factors for subsequent fractures “?). However,
contrary to our findings, other data suggested that women with lower peak bone mass may
undergo a higher rate of bone loss based on forearm measurements by pQCT imaging ©®, while
others found opposite results by femoral neck DXA measurements that women with higher
baseline aBMD have greater rate of bone loss 143, These inconsistent observations could be
caused mainly by two reasons: 1) differences in measurement technique: DXA-based aBMD is

influenced by bone size and cannot distinguish between cortical and trabecular bone, which may
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induce different correlation when comparing to results calculated by pQCT-based vBMD. 2)
Variations in study designs, measured bone sites (weight-bearing site vs. non-weight-bearing
site), timing of the longitudinal CT measurements (at pre-, peri-, or during menopause), and
population characteristics (racial, social, and cultural confounding factors) may also impact their
results and conclusions. Therefore, taken all together, standard measurement of peak bone mass
by DXA may not be a reliable predictor of bone loss rate post menopause.

The peak bone microstructure may provide further insight in predicting the rate of
postmenopausal bone loss. One clinical measure of trabecular bone quality, the trabecular bone
score (TBS), provides an indirect measurement of trabecular microstructure by evaluating the
texture of lumbar spine DXA images “®. A recent study found that a low baseline TBS
(indicative of a deteriorated trabecular microstructure) was associated with a higher percentage
of bone loss and osteoporosis at follow-up in perimenopausal women %, indicating that the peak
bone microstructure may have the potential to predict the rate of bone loss when subjected to
estrogen deficiency.

Our current findings indicate that, among all baseline trabecular microstructural
parameters, only baseline trabecular thickness showed a negative trend of correlation with OVX-
induced bone loss rate by linear regression. Moreover, stepwise multiple linear regression
analysis confirmed that the combination of baseline Tb.Th and Conn.D are the most important
predictors for the extent of post-OVX bone loss. While there was a positive association between
baseline Conn.D and the degree of OVX bone loss, the baseline Tb.Th was correlated inversely,
suggesting that a trabecular bone phenotype with thicker trabeculae and fewer connections are
protective against OVX bone loss. Surprisingly, we found no correlation between baseline

trabecular surface area and the rate of post-OVX bone loss, and thus, the protective effect of
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increased Tb.Th on post-OVX bone loss appears to be independent of any possible relationship
to remodeling surface area.

Indeed, the results from the tertile analysis of Tb.Th adjusted by baseline BV/TV suggest
that given the same bone mass (baseline BV/TV), rats with thicker trabeculae had attenuated
reduction in volume, number, and connectivity of trabeculae and greater increase in spacing
between trabeculae in response to OVX, suggesting that thicker trabeculae were associated with
greater resistance to loss of trabecular network integrity. In contrast, rates of post-OVX
trabecular thickness loss were similar among all 3 tertiles, suggesting a similar level of trabecular
thinning regardless of their baseline thickness. Overall, the improved resistance of thicker
trabeculae to post-OVX microstructural decay resulted in a protective effect against loss of
trabecular bone stiffness.

Consistent with these findings, our previous study found that the thicker trabeculae
attained in rats with a history of lactation are significantly associated with attenuated OVX-
induced bone loss compared to the age-matched virgin rats ®?. Moreover, despite the distinct
bone loss patterns between the two groups, the number and surface of osteoblasts and osteoclasts
post-OVX did not differ between virgin rats and rats with a history of lactation. Furthermore, it
has been shown that OV X-induced bone loss is more likely to progress through diminished
connectivity than a gradual thinning of overall trabeculae **. Similar mechanisms are thought to
occur post-menopause: the trabecular elements that perforate or disconnect post-menopause lead
to deteriorated connectivity in the trabecular network, thus resulting in an accelerated bone loss
(70-72) " Along with our current and previous results that thicker trabeculae resulted in attenuated
bone deterioration post-OVX 9, these findings suggest that thicker trabeculae may be protective

against structural deterioration in response to estrogen deficiency. Our working hypothesis is that
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the increased bone remodeling due to estrogen deficiency has varied effects on the structural
integrity of the trabecular network depending on the trabecular thickness. For thick trabeculae,
the bone resorption occurring post-OVX can be repaired by subsequent osteoblast activities (Fig
3D). However, the thin trabeculae may easily disconnect during the rapid remodeling phase and
cannot be repaired afterwards (Fig 3E). Indeed, the results from ITD analyses demonstrated a
“thickness effect” in which a trabecular network with thicker individual trabeculae is less likely
to be disconnected or perforated post-OVX, which leads to attenuated OVX bone loss.
Intriguingly, our results suggested that this “thickness effect” would initialize at trabecular
thicknesses greater than 0.03 mm, and plateau at thicknesses beyond 0.08 mm. Therefore, it is
possible that 0.03 mm is a lower limit for the “thickness effect”, as all the individual trabeculae
thinner than the lower limit may always be perforated or separated due to the rapid bone
resorption post-OVX; and conversely, 0.08 mm could be considered as an upper limit for the
“thickness effect”, as the extent of post-OVX bone remodeling may not be enough to induce any
perforation or separation in trabeculae with baseline thickness beyond this upper limit. As
reported by previous studies, the average depth of osteoclast resorption cavities varies between
0.014 and 0.063 mm >, which is consistent with the upper and lower thickness limits
demonstrated by the current study. Defining the lower and upper thickness limits in a clinical
setting could yield a better understanding and prediction of post-menopausal bone loss, as they
likely define the susceptibility of trabeculae of various thickness to structural deterioration and
elevated bone loss.

Evaluation of the relationship between baseline trabecular microstructure and OVX-
induced changes in trabecular stiffness (estimated through FEA) indicated that only baseline

trabecular thickness was significantly and negatively correlated with OVX-induced changes in
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trabecular stiffness, Moreover, tertile analyses revealed that regardless of the baseline trabecular
bone volume, rats with thicker trabeculae underwent attenuated reduction in the stiffness of the
trabecular compartment post-OVX, which further suggests that a trabecular bone phenotype with
thicker baseline trabeculae may better preserve its mechanical integrity when subjected to
estrogen deficiency, and thus, reducing the fracture risk post-menopause.

Our study has some limitations. First, biochemical markers of bone remodeling or
histomorphometry were not assessed, therefore it is not possible to directly compare the bone
cell activities among rats with variable peak bone microstructure. Whether or not the baseline
bone microstructure has influence on the bone remodeling rate post-OVX is not clear and
requires further investigation. Moreover, in contrast to the high similarities in trabecular bone
compartments between rats and humans, humans have distinct cortical bone remodeling than
rats. In humans, the increased Haversian remodeling post-menopause exerts a main contribution
to cortical porosity, while rats lack a well-developed Haversian remodeling system, and a result,
rats cannot mimic the changes in human cortical bone post-menopause 7. Thirdly, the voxel
size of the uCT scans was 10.5um, limiting the power of in vivo uCT scans in detecting small
changes over time. However, it has been suggested that by applying the current settings of
scanning (e.g. additional fixation to the scanned sites) and post-scanning image processing of 3D
registration, the in vivo nCT measurements yielded a reasonable precision in detecting changes
in rodent trabecular bone ©%. Lastly, only one time point (4 weeks post-OVX) was measured,
and thus our conclusions are limited to early post-OVX bone loss. Evaluation of an extended
post-OVX duration in future work is warranted to further elucidate the impact of peak bone
microstructure on post-OVX bone changes.

Despite these shortcomings, our study provides relevant and novel insight into predicting
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early onset of postmenopausal osteoporosis using a gold standard rat model. Although the
implications for translating these findings to clinical remain to be confirmed, the similarities of
hormonal changes and skeletal responses between OVX rats and postmenopausal women are
well established 7®. To our knowledge, this study represents the first attempt to establish a
relationship between peak trabecular parameters and the degree of OVX-induced bone loss in
individual trabeculae in a homogeneous rodent population. The state-of-art imaging technologies
used in this study allowed us to accurately track and monitor in vivo bone structural changes at
an individual trabecula level. Moreover, utilizing ITD analysis, the influence of the thickness of
each individual trabecula on its susceptibility to disconnection or perforation in response to
elevated rate of bone remodeling was elucidated.

In summary, the extent of estrogen-deficiency-induced bone loss was predicted by peak
bone microarchitecture, most notably the trabecular thickness. Specifically, trabecular networks
with thick trabeculae showed an attenuation in OVX-induced trabecular bone microstructure and
stiffness deterioration. Further analysis suggests that thicker trabeculae are less likely to be
disconnected or perforated in response to estrogen deficiency, as the resorbed bone is more likely
to be repaired by the coupled bone formation. Taken together, these findings suggest that given
the same bone mass, a trabecular bone phenotype with thin trabeculae may be a risk factor
toward accelerated postmenopausal bone loss, which provides important clinical insights toward
the development of patient-specific osteoporosis management strategies based on peak bone
microstructure.
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Table 1: Correlation coefficients (7) between baseline trabecular parameters and % decrease in

trabecular microstructural and mechanical properties

o Baseline Parameters
0

*
decrease ™ CRyITy ConnD  SMI  Tb.N Th.Th To.Sp  BS  BS/BV

BV/TV NS NS NS NS -0.21 (p=0.097) NS NS NS

Tb.Th 0.64¢ 0.50¢ -0.62¢ 0.57°¢ 0.62°¢ -0.57¢ 043¢ -0.66°¢
Tb.Sp NS -0.26* NS NS NS NS NS NS
Tb.N NS NS NS NS  -0.23 (p=0.069) NS NS NS

Conn.D |-0.46® NS 0.49® -0.262 -0.62°¢ 0.26% NS 0.57¢
Tb.Stiffness [ NS NS NS NS -0.29* NS NS NS

*: Baseline parameters were correlated to percent decrease in all parameters for
consistency. For the parameters that increased after OVX surgery (Tb.Sp), the percent decrease
means a negative decrease.

Minus sign indicates negative correlation. ®: p<0.05, P: p<0.01, ¢ p<0.001.
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Table 2: Correlation coefficients () and independent predictors of stepwise multiple linear

regression to predict the degree of bone loss by baseline trabecular bone parameters

% decrease * r Adjusted r Independent predictors
BV/TV 0.46 0.41 -Tb.Th®, Conn.D?
Tb.Th 0.66 0.66 -BS/BV ¢
Tb.Sp 0.51 0.48 -Conn.D¢, Tb.Th"
Tb.N 0.66 0.64 -Tb.Th?, Conn.D"
Conn.D 0.69 0.67 -Tb.Th?, Conn.D ?, SMI 2
Tb.Stiffness 0.44 0.41 -Tb.Th¢, -Tb.Sp®

*: Baseline parameters were correlated to percent decrease in all parameters for
consistency. For the parameters that increased after OVX surgery (Tb.Sp), the percent decrease

means a negative decrease.

Minus sign indicates negative correlation. ®: p<0.05, P: p<0.01, ¢: p<0.001.
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Figure 1. (A) Representative 3D renderings of the proximal tibia pre- (wk0) and post-OVX
(wk4); (B-G) Trabecular structural parameters, including (B) BV/TV, (C) Tb.N, (D) Tb.Th, (E)
Tb.Sp, (F) SMI, and (G) Conn.D at 0 and 4 weeks post-OVX. (H) FEA-derived Tb.Stiffness at 0

and 4 weeks post-OVX. * indicates significant changes over time (p<0.05).
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Figure 2. (A-C) Representative trabecular bone images in Low, Medium, and High relative
Tb.Th groups. Heat maps correspond to local trabecular thickness values. (D) Rats were
stratified into Low, Medium, and High relative Tb.Th by performing linear regression of baseline
Tb.Th and BV/TV. (E) Baseline BV/TV was not different between Low, Medium, and High
relative Tb.Th groups. (F) Comparisons of baseline Tb.Th among Low, Medium, and High
relative Tb.Th groups. (G-L) % changes in trabecular bone parameters, including (G) BV/TV,
(H) Conn.D, (I) Tb.N, (J) Tb.Sp, and (K) Tb.Th, in Low, Medium, and High relative Tb.Th
groups over 4 weeks post-OVX. (L) % decrease in FEA-derived Tb.Stiffness in Low, Medium,

and High relative Tb.Th groups. * indicates significant differences between groups (p<0.05).
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Figure 3. (A) Schematics of individual trabecular dynamics analysis. (B) % bone loss in
individual trabeculae stratified by baseline thickness. (C) Probability density distribution of the
baseline thickness of deteriorated and intact trabeculae. (D-E) Schematics of accelerated bone
resorption followed by osteoblast repair in (D) a thick and (E) a thin trabecula. * indicates

significant differences between groups (p<0.05).
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Supplemental Data:

Table S1: Correlation coefficients () between baseline trabecular structural parameters

Baseline
BV/TV  Conn.D  SMI Ib.N  Th.Th  Tbh.Sp BS BS/BV
Parameters
BV/TV 1
Conn.D 0.83¢ 1
SMI -0.98¢  -0.78¢ 1
Tb.N 0.94¢ 0.95¢ -0.90¢ 1
Tb.Th 0.88¢ 0.51¢ -0.88¢ 0.70¢ 1
Tb.Sp -0.93¢  -091¢ 0.87¢ -098¢ -0.69°¢ 1
BS 0.53¢ 0.62¢ -0.49¢ 0.60¢ 0.36"> -0.57°¢ 1

BS/BV -0.95¢ -0.66¢ 0.94¢ -0.81¢ -097¢ 0.81¢ -043¢ 1

*: Minus sign indicates negative correlation. 2: p<0.05, : p<0.01, ¢: p<0.001.
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Figure S1. Scatter plots of significant and trending linear correlations between baseline

trabecular parameters and % decrease in trabecular microstructural and mechanical properties.
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