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Enhanced Individual Trahecular
Repair and Its Mechanical
Implications in Parathyroid
Hormone and Alendronate
Treated Rat Tibial Bone

Combined parathyroid hormone (PTH) and bisphosphonate (alendronate—ALN) therapy
has recently been shown to increase bone volume fraction and plate-like trabecular struc-
ture beyond either monotherapy. To identify the mechanism through which plate-like
structure was enhanced, we used in vivo microcomputed tomography (uCT) of the proxi-
mal tibia metaphysis and individual trabecular dynamics (ITD) analysis to quantify con-
nectivity repair (incidences of rod connection and plate perforation filling) and
deterioration (incidences of rod disconnection and plate perforation). Three-month-old
female, intact rats were scanned before and after a 12 day treatment period of vehicle
(Veh,n=35), ALN (n=6), PTH (n=06), and combined (PTH+ALN, n =0) therapy. Addi-
tionally, we used computational simulation and finite element (FE) analysis to delineate
the contributions of connectivity repair or trabecular thickening to trabecular bone stiff-
ness. Our results showed that the combined therapy group had greater connectivity
repair (5.8 = 0.5% connected rods and 2.0 = 0.3% filled plates) beyond that of the Veh
group, resulting in the greatest net gain in connectivity. For all treatment groups,
increases in bone volume due to thickening (5-31%) were far greater than those due to
connectivity repair (2-3%). Newly formed bone contributing only to trabecular thicken-
ing caused a 10%, 41%, and 69% increase in stiffness in the ALN, PTH, and PTH+ALN
groups, respectively. Moreover, newly formed bone that led to connectivity repair
resulted in an additional improvement in stiffness, with the highest in PTH+ALN (by an
additional 12%), which was significantly greater than either PTH (5.6%) or ALN (4.5%).
An efficiency ratio was calculated as the mean percent increase in stiffness divided by
mean percent increase in BV for either thickening or connectivity repair in each treat-
ment. For all treatments, the efficiency ratio of connectivity repair (ALN: 2.9; PTH: 3.4;
PTH+ALN: 4.4) was higher than that due to thickening (ALN: 2.0; PTH: 1.7;
PTH+ALN: 2.2), suggesting connectivity repair required less new bone formation to
induce larger gains in stiffness. We conclude that through rod connection and plate per-
foration filling PTHH+ALN combination therapy improved bone stiffness in a more
efficient and effective manner than either monotherapy. [DOI: 10.1115/1.4028823]

Keywords: In vivo uCT, three-dimensional (3D) image registration, trabecular connec-
tivity, PTH treatment, antiresorptive treatment

Introduction

Aging shifts bone remodeling toward a negative balance
between bone formation and resorption, causing bone loss and
increased fracture risk. Antiresorptive agents such as
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bisphosphonates are commonly used to inhibit bone resorption
and stabilize bone mass [1,2]. While anabolic treatment, such as
intermittent parathyroid hormone (PTH), greatly stimulates bone
formation [3—7]. Combined therapies of antiresorptive treatments
and PTH have been proposed and are expected to further increase
bone mass. Despite conflicting results in both clinical and preclin-
ical studies [8—16], previous work in our lab has shown that com-
bined therapy of PTH and alendronate (ALN), a bisphosphonate,
results in an additive effect on bone volume fraction in intact
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female rats [17]. While combined treatment and PTH monotreat-
ment had a similar effect on stimulating new bone formation and
improving trabecular thickness (Tb.Th), the addition of ALN to
PTH further improves the relative bone volume and number of
plate- versus rod-like structures [17].

Trabecular bone consists of a network of interconnected
individual trabeculae, which can be classified as one of two major
structural types, plate-like or rod-like trabeculae. While the major-
ity of trabecular plates are axially aligned with the primary orien-
tation of daily load-bearing, most trabecular rods horizontally
connect trabecular plates to stabilize the overall structure [18-22].
Trabecular plates are often considered the most critical determi-
nant of apparent bone strength as the plate-like trabecular bone
volume is the strongest predictor of trabecular bone’s elastic mod-
uli and yield strength [18-23]. Despite minimal contributions to
bone strength, trabecular rods play a significant role in failure ini-
tiation [18,20-22]. Furthermore, a mixture of plate and rod trabec-
ulae ensures an open structure of trabecular bone to host bone
marrow and blood vessels for the exchange of nutrients, waste,
and calcium ions. Aging and metabolic bone diseases can lead to
rapid bone loss that affects trabecular network integrity. Common
structural changes in trabecular bone consist of thinning of trabecu-
lae, trabecular plate perforation, and trabecular rod breakage. The
latter two changes are more detrimental to bone strength: the perfo-
ration of trabecular plates causes a transition of plate-like to rod-like
trabeculae while rod breakage leads to a reduced number of trabecu-
lae. Using computational simulations of synthetic structure, it has
been demonstrated that bone loss due to loss of trabecular elements
has a greater impact on bone strength than due to trabecular thinning
[24]. Moreover, without restoring the lost trabecular connectivity,
bone strength cannot be fully restored by thickening of the remain-
ing trabeculae [24]. This presents a major challenge for current
osteoporosis treatments to not only prevent further bone loss but
also to restore lost trabecular integrity by connectivity repair.

While the effect of the current available osteoporosis drug treat-
ments on bone structure, mechanical properties, and fracture risk
reduction have been extensively studied [1-17], there is limited
data on their ability to enhance connectivity repair to restore lost
mechanical function. This critical knowledge gap is partly due to
the technical challenge of in vivo tracking of bone connectivity
changes at an individual trabecula level. Most techniques
currently available for microscale imaging of bone structure are
limited to taking a “snapshot” of a complicated process. Recently,
the development of in vivo uCT allows longitudinal imaging of
trabecular bone microstructure at a resolution <15 um, which ena-
bles the tracking of structural alterations at an individual trabecula
level in rodent bone [25-31]. However, the challenges of precise
registration of longitudinal scans as well as automatic detection of
connectivity changes in individual trabecular structures remain.
Our lab has developed an image analysis technique, individual tra-
becular dynamics (ITD) analysis, to track the changes within each
individual trabecula over time. By ITD analysis, we can quantify
the occurrences of individual trabecular connectivity deteriora-
tion, such as trabecular disconnection and perforation, and those
of individual trabecular connectivity repair, such as trabecular con-
nections and filled perforations. Thus, the first objective of the cur-
rent study was to utilize the ITD analysis technique to monitor the
temporal and spatial changes in individual trabeculae in the rat tibia
in response to osteoporosis treatments. We aimed to elucidate
detailed structural mechanisms through which PTH, bisphospho-
nate, and combined treatments can reverse bone connectivity defi-
cits and increase plate-like trabeculae. The second objective was to
determine how these changes in connectivity influence the mechan-
ical function of the trabecular bone. Specifically, by computational
simulation and finite element (FE) analysis, the mechanical contri-
butions attributed to either trabecular thickening or connectivity
repair were delineated for each treatment strategy.

In our recent studies, we have compared the changes in bone
mass, microarchitecture, and mechanical stiffness due to 12 days
of ALN, PTH, and combined treatment (PTH4+ALN) in a rat
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model. Our results suggested the greatest treatment response in
combined PTH+ALN therapy resulting in an additive effect of
the two treatments due to greater plate-like trabecular structure.
We hypothesized that the current study would reveal combined
treatment to greatly enhance connectivity repair beyond that of
either monotherapy. In addition, we hypothesized that this con-
nectivity repair would occur due to PTH+4ALN therapy in a
highly efficient manner for improving trabecular bone stiffness.

Methods of Approach

Animals. A total of 30 female, 3-month-old, Sprague Dawley
rats (Charles River Laboratories, Wilmington, MA) were assigned
to vehicle (Veh, n=06), PTH (n=9), ALN (n=6), and combined
PTH and ALN (PTH+ALN, n=9) treatment groups [17]. Begin-
ning on day O, the Veh and PTH groups received subcutaneous
daily injections of either saline or human recombinant PTH 1-34
(PTH 1-34, 60 pg/kg/day, Bachem, Bubendorf, Switzerland),
respectively, for 12 days. The ALN group received subcutaneous
injections of 50 ug/kg ALN sodium trihydrate (Sigma Aldrich, St.
Louis, MO) every 3 days with the first injection 3 days prior to
day 0. The PTH+ALN group received both PTH and ALN treat-
ments. A separate set of 4-month-old female rats (n=10) were
used to assess the reproducibility of ITD analysis. All experiments
were approved by the University of Pennsylvania’s Institutional
Animal Care and Use Committee.

In Vivo uCT Scans. In vivo yCT scans were performed for all
groups at day 0, and the end of treatment (day 12) using a Scanco
vivaCT 40 (Scanco Medical AG, Briittisellen, Switzerland) at
10.5 um nominal voxel size. The scanner energy was 55keV energy,
intensity = 142 ptA, and integration time =200 ms. Rats were anes-
thetized and immobilized during the scans (4.0/1.75% isoflurane)
using a customized foot holder to ensure minimal motion over the
20 min scan [28]. A two-dimensional (2D) scout view was used to
select the scan region, and a total of 417 slices (corresponding to a
44mm region) distal to the proximal tibial growth plate were
acquired. The same scan protocol was used to scan the tibia of the
additional set of 10 female rats to assess the reproducibility of ITD
analysis. These rats were scanned once, removed from the holder,
repositioned, and scanned again. A total of 210 slices distal to the
growth plate were acquired from each reproducibility scan.

Precise Image Registration of Trabecular Subvolumes. An
open source software (National Library of Medicine Insight
Segmentation and Registration Toolkit, USA) [32] was used to
derive the transformation matrix between the image coordinates
of baseline (F!) and follow-up (F?) uCT scans by landmark-
initialized, mutual-information-based optimization [33,34]. This
optimization scheme has been described in detail in a previous
publication [28]. In the traditional registration scheme, once a
transformation matrix T between image coordinates of baseline
(F") and follow-up (F?) scans is determined, it will be applied to
move the follow-up scan into (F'). However, this approach would
affect the image quality of the follow-up scan by image interpola-
tion artifacts, making the baseline and transformed follow-up
scans incomparable. Therefore, a new registration scheme was
developed. Briefly, T was divided equally (T =T T;; T, =T5")
so that one half of the rotation (T;) was applied to the follow-up
image while the inverse of half of the rotation (T,) was applied to
the baseline image. These transformations align the baseline and
follow-up images in a new coordinate system (F ), resulting in
minimized unequal resampling artifacts between scans (data not
shown). The above registration scheme was applied to a
1.53 x 1.53 x 1.008 mm® trabecular subvolume in the secondary
spongiosa of the rat proximal tibia, corresponding to
146 x 146 x 96 voxels. The subvolume was isolated in the base-
line scan in the center of the trabecular compartment beginning
approximately 2.5mm distal to the proximal growth plate and
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Fig. 1
treated by 12 days of PTH. (b) Individual rods and plates were isolated using ITS
analysis, and occurrences of (c) rod disconnection, plate perforation, rod connec-
tion, and plate perforation filling (from left to right) were located and quantified by
ITD analysis.

spanning to approximately 3.5 mm distal from the growth plate.
The corresponding volume in the follow-up scan was then located
by registration. Then, each registered grayscale image was thresh-
olded using a Gaussian filter (sigma=1.2, support=2), and a
global threshold corresponding to 545 mgHA/cm?, determined
based on previous data [17] (Fig. 1(a)). The registered, thresh-
olded images of day 0 and day 12 were overlaid and each slice
was manually examined to avoid misalignment due to local
optima in the optimization algorithm. Standard trabecular micro-
structure analysis was performed within the registered trabecular
subvolumes using Scanco software to evaluate standard bone
microstructure parameters including bone volume fraction (BV/
TV), trabecular thickness (Tb.Th), and connectivity density
(Conn.D).

Individual Trabecular Dynamics (ITD) Analysis of Regis-
tered Trabecular Bone. Each pair of registered and thresholded
baseline and day 12 scans was subjected to ITD analysis. First,
using digital topological analysis (DTA) [35-37] and individual
trabecula segmentation (ITS) analysis [19,23] the trabecular struc-
ture was decomposed and the individual trabecular plates and rods
were isolated (Fig. 1(b)). Detailed methods describing the com-
plete trabecular segmentation and volumetric decomposition tech-
nique can be found in our previous publications [19,23]. Once
isolated, baseline and follow-up registered pairs were compared to
identify incidences of connectivity repair and deterioration (Fig.
1(c)). Deteriorated connectivity was defined as plates or rods in
the second scan which are perforated (plate perforation) or discon-
nected (rod disconnection) with respect to their initial topology.
Repaired connectivity was defined as plates or rods in the second
scan which are incomplete in the previous scan, incidences where
holes in plates are filled (plate perforation filling), or disconnected
rods are connected (rod connection). The percentages of rod dis-
connection, plate perforation, rod connection, and perforation fill-
ing were calculated as number of occurrences of the above
connectivity changes normalized by the total number of trabecu-
lae analyzed (468 trabeculae/sample on average) in each trabecu-
lar bone subvolume. The net connectivity gain was then defined
as connectivity deterioration subtracted from connectivity repair
(%plate perforation filling 4+ %rod connection — %plate perfora-
tion — %rod disconnection). ITD analysis indicates the mecha-
nisms of connectivity change on the individual trabecula level
over the 12 day treatment period.

Precision of ITD Analysis. ITD analysis was also performed
on the set of same-day repeated scans. Scans were registered and
segmented as described above. The trabecular morphology should
remain constant within the 40 min scan window, thus, connectiv-
ity repair and deterioration were expected to be 0. Any deviation
from zero represents the precision error associated with the plate
and rod measures. The percent incidence of rod connection and
disconnection were averaged to represent the precision error for
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(a) Precisely registered trabecular bone subvolumes from day 0 and day 12

rods. Likewise, the percent incidence of plate perforation and
plate perforation filling were averaged to determine the precision
error for plates.

Micro Finite Element (uFE) Analyses of Registered Trabec-
ular Bone. The precisely registered and thresholded subvolumes
from baseline and follow-up of all treatment groups (ALN, PTH,
and PTH+ALN) were constructed into #FE models for trabecular
bone stiffness measurement [38] by converting each bone voxel to
an eight-node brick element. Bone tissue was modeled as an iso-
tropic, linear elastic material with a Young’s modulus (E;) of
15 GPa and a Poisson’s ratio of 0.3 [39]. A uniaxial compression
test was performed to calculate the reaction force under a
0.01 mm displacement along the axial direction of the bone. A
linear elastic analysis was performed on the yFE model using an
element-by-element preconditioned conjugate gradient solver
[40]. Then, the trabecular bone stiffness was derived as the reac-
tion force divided by the applied displacement.

Computational Simulation to Evaluate the Contribution of
Trabecular Thickening and Connectivity Repair to Bone
Volume and Stiffness by Different Treatments. Based on the
day O and day 12 images, an additional 3D image volume was
generated for ALN, PTH, and ALN+PTH groups, so that the
effects of altered connectivity were removed by replacing loca-
tions of altered connectivity at day 12, determined by ITD, with
pretreatment connectivity at day O (illustrated in a 2D image in
Fig. 2). Therefore, in the simulated image, the treatment effect
due to trabecular thickening was present while all the connectivity
identified by ITD was removed. In contrast, in the day 12 image,
the treatment effect due to both thickening and connectivity
change was present. Subsequently, stiffness was determined for

Simulated Day 12

Connectivity Change Removed

Effect from thickening & connectivity ()

Fig.2 2D schematics for the 3D yFE analysis performed on the
day 0 (left), day 12 (right), and simulated day 12 image (middle).
The simulated image was created by deleting the effects of
changed connectivity over the treatment period identified by
ITD analysis. Circles indicate examples of locations where
altered connectivity was returned to baseline. The arrows below
describe how each structural contribution was delineated, num-
bers correspond to Eqgs. (1)—(3).
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day O (Stiff.d0) and day 12 (Stiff.d12) images as well as for the
simulated model (Stiff’) of each treatment group (Fig. 2). The dif-
ference between Stiff’ and Stiff.d0 reflects the mechanical
improvement due to trabecular thickening only, while the differ-
ence between Stiff.d12 and Stiff’ reflects the mechanical improve-
ment due to connectivity gain only. Similarly, the bone volume
(BV) that was associated with each image (day 0, day 12, and the
simulated image) was also calculated (BV.d0, BV.d12, and BV).
Further calculations were done to determine the independent con-
tribution of thickening and connectivity repair to bone stiffness
increase based on the following equations (Fig. 2):

Stiff.d12 — Stiff.d0

SGIF.d0 = % Increase in stiffness due to thickening

and connectivity repair (1)

Stiff’ — Stiff.d0

SGF.d0 = % Increase in stiffness due to thickening only

(€5
Stiff.d12 — Stiff’

- = % Increase in stiffness due to connectivit
Stff.d0 Y

repair only 3)

Similarly, the contributions of thickening and connectivity repair
to BV increase were also evaluated. To describe how efficiently
new bone was formed to improve stiffness for each treatment, an
efficiency ratio was calculated for each group by dividing the
mean percent increase in stiffness by the mean percent increase in
BV. Efficiency ratio was calculated separately for each treatment
type due to either thickening or connectivity repair.

Statistical Analysis. All statistical analyses were performed
using NCSS 7.1.14 (NCSS, LLC, Kaysville, UT). Results were
presented as mean * standard error. All the assumptions for para-
metric tests were evaluated and confirmed for each variable. For
ITD measurements a one-way analysis of variance (ANOVA) was
used to compare treatment groups. In the presence of statistically
significant ANOvA, post hoc comparisons of between-group
differences were made using a Bonferroni correction. Net connec-
tivity gain was calculated by subtracting connectivity deteriora-
tion from connectivity repair. Correlation analysis was performed
to compare net connectivity gain to Conn.D calculated by stand-
ard microstructural analysis. Pearson’s correlations were also per-
formed to determine the contributions of BV/TV, Tb.Th, and ITD
net connectivity gain to stiffness. Changes in BV and stiffness due
to thickening and connectivity repair were evaluated by a two-way
mixed model aANova, where time was considered a repeated mea-
sure, and changes over time were compared across treatment
groups. Baseline values were used as a covariate to normalize
between rats. In the presence of a significant interaction effect, post
hoc comparisons were made between groups and over time using a
Bonferroni correction to assess differences in the percent increases
in BV and stiffness. For all analyses, a two-tailed p <0.05 was con-
sidered to indicate statistical significance, and p <0.1 was consid-
ered a trend toward significance. Unless otherwise noted, all
differences discussed reached statistical significance (p < 0.05).

Results

Standard Trabecular Bone Microstructure Analysis. The
accuracy of ITD analysis was highly reliant on scan quality.
Images from 7 out of the 30 rats were excluded due to insufficient
image quality caused by motion artifact at either day O and/or day
12. Therefore, all subsequent analysis was performed only in
the remaining images (Veh: n=5, ALN: n=6, PTH: n=6,
PTH+ALN: n=6).

Similar to what has been reported in a previous study [17],
BV/TV was increased over the treatment period for all treatment
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Fig. 3 Standard trabecular microstructural evaluation on pre-
cisely registered subvolumes: (a) BV/TV, (b) stiffness, (¢) Tb.Th,
and (d) Conn.D. Bar graphs represent the percent difference
from baseline to day 12 of each parameter. “*” Indicates a sig-
nificant difference between groups at day 12, and “*” indicates
a significant increase from baseline.

groups (7% ALN, 26% PTH, and 34% PTH+ALN), but
unchanged in the Veh group with a BV/TV equal to 0.23
(Fig. 3(a)). By the end of treatment, BV/TV in each treatment
group was greater than that of the Veh group by 11% (ALN), 32%
(PTH), and 53% (PTH+ALN). The combined treatment group
was significantly higher than both ALN and PTH monotreatment
groups by 38% and 16%, respectively. The differences between
groups were further magnified when looking at changes in stiff-
ness (Fig. 3(b)). Over 12 days of treatment, trabecular bone stift-
ness was increased by 15% in ALN, 47% in PTH, and 80% in the
PTH+ALN groups. At day 12, the stiffness of the three treatment
groups was 29—100% greater than that of the Veh group. The
PTH+ALN group had the highest stiffness compared to either
ALN (55%) or PTH (20%). At day 12, Tb.Th in PTH and
PTH+ALN groups was 22-23% greater than that of the Veh
group (Fig. 3(c)). Due to high variance in the Conn.D measure,
there was no change detected in Conn.D over time or between
groups at day 12 (Fig. 3(d)).

Precision of ITD Analysis. The same-day repeated tibial scans
revealed a low incidence of rod and plate repair and deterioration.
Specifically, the precision error was found to be 0.81% for detecting
connectivity changes in trabecular rods, and 0.27% for trabecular
plates. This was considered an acceptable margin for error.

ITD Analyses of Registered In Vivo Trabecular Bone
Images. The tracking of individual trabecular connectivity over
the course of treatment indicated several rod disconnections and
plate perforations even in the Veh-treated bone (3.2 = 1.0% and
0.6 = 0.2% of the total trabeculae, respectively, Fig. 4). This was
balanced by similar connectivity repair with 2.0 +0.7% con-
nected rods and 0.7 £0.2% filled plates. In the ALN-treated
group this balance was tipped toward connectivity repair with
3.7 £ 1.1% connected rods, and 1.0 = 0.3% filled plates. Interest-
ingly, the PTH-treated group had a similar amount of connectivity
repair (3.9 = 0.7% connected rods and 1.3 = 0.2% filled plates) to
that of the ALN group. In addition, the PTH group tended to have
a lower incidence of plate perforation (0.1 = 0.1%, p <0.1) com-
pared with the Veh group. The combined PTH+ALN-treated
group tended to have reduced rod disconnection (0.7 £ 0.5%,
p <0.1) and plate perforation (0.1 = 0.1%, p < 0.1), and displayed
greater connectivity repair (5.8 £0.5% connected rods, and
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Fig. 5 Linear correlation between standard Conn.D measure-
ment and (a) ITD measures of net connectivity gain (connectiv-
ity deterioration subtracted from connectivity repair) and (b)
ITD measures of simulated Conn.D (%plate perforation — %plate
perforation filling + %rod connection — %rod disconnection).
“*” Indicates a significant correlation.

2.0 = 0.3% filled plates, p < 0.05) beyond that of the Veh group,
resulting in the greatest net gain in connectivity. All treatment
differences found were beyond the precision error of ITD meas-
urements for both rods and plates.

Comparison of ITD to Conn.D Measurement. Net connectiv-
ity gain, calculated by subtracting ITD measures of deteriorated con-
nectivity from those of repaired connectivity (%plate perforation

filling — %plate perforation + %rod connection — %rod disconnec-
tion), was not correlated with Conn.D (Fig. 5(a)). By the definition of
Conn.D, plate perforation and rod connection contribute to an
increase in Conn.D and plate perforation filling and rod disconnection
contribute to decreased Conn.D [41-44]. Therefore, we calculated an
equivalent ITD parameter (%plate perforation — %perforation fil-
ling + %rod connection — %rod disconnection) to be comparable
with the traditional Conn.D measurement. This modified ITD connec-
tivity calculation was significantly correlated with Conn.D with a cor-
relation coefficient of 0.48 (Fig. 5(b)).

Correlations Between Trabecular Bone Structural
Improvements and Increased Stiffness. The percent increase in
stiffness was highly correlated with the increase in BV/TV with a
correlation coefficient of 0.98 (Fig. 6(a)). This increase in BV/TV
is attributed to improvements due to thickening (Tb.Th) and net
connectivity gain (connectivity repair subtracted by connectivity
deterioration). Not surprisingly, the increased Tb.Th was highly
correlated to increased stiffness with a correlation coefficient of
0.88 (Fig 6(b)). Despite alterations in a small number of trabecular
structures (7% on average/sample), net connectivity gain by ITD
also was significantly correlated with increased stiffness with a
correlation coefficient of 0.84 (Fig. 6¢).

Contributions of Trabecular Thickening and Connectivity
Repair to Bone Volume and Stiffness by Different Treatments.
For all treatment groups, the increases in BV due to thickening
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Fig. 6 Linear correlation of percent increase in stiffness and percent increase
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Table 1 Percent increase in BV and stiffness due to thickening
and connectivity repair

ALN PTH PTH+ALN
BV (%increase)
Due to thickening 51+14°% 239+37%  313+46°
Due to connectivity repair 1.5%0.6 1.7x£04 2.7+0.2
Stiffness (%increase)
Due to thickening 103 2.0 41.0+6.8 68.5+10.1*°
Due to connectivity repair 4.5 = 1.9° 5.6+ 14° 11.9 +0.9*°

Note: Superscript letters indicate significant differences from “ALN,
"PTH, and “PTH+ALN groups.
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Fig. 7 Percent increase in BV and stiffness attributed to (a)
thickening and (b) connectivity repair in each treatment group.
Numbers over bars indicate the efficiency ratio for a particular
treatment and mechanism.

(5-31%) were far greater than those due to connectivity repair
(2-3%, Table 1, Fig. 7). Thickening was the primary contributor
to increased stiffness, accounting for 10-68% increases in stiff-
ness for each treatment group. Despite a small contribution to BV,
connectivity repair led to an additional 5-12% improvement in
stiffness.

Both thickening and connectivity repair contributed to the addi-
tive effect on BV and stiffness in the combined therapy group
over either monotherapy. BV increases due to thickening were
higher in PTH (24%) and PTH4+ALN (31%) than ALN (5%),
while BV increases due to connectivity repair were minimal and
not different between all three treatments (2-3%). Stiffness
increase due to both thickening and connectivity repair was high-
est in PTH+ALN (69% and 12%, respectively). Stiffness increase
due to thickening was higher in PTH than ALN (41% and 10%,
respectively), while stiffness increase due to connectivity was not
different between the two treatments (5% and 6%, respectively).
The efficiency ratio was calculated as the mean percent increase
in stiffness divided by mean percent increase in BV, caused by
either thickening or connectivity repair. For thickening, the effi-
ciency ratio was between 1.7 and 2.2 for all treatment groups. For
all treatments, the efficiency ratio of connectivity repair was
higher than that due to thickening. There was a moderate effi-
ciency ratio for connectivity repair in both monotreatments of 2.9
(ALN) and 3.4 (PTH). The highest efficiency was observed in the
PTH+ALN group due to connectivity repair with a ratio of 4.4.

Discussion

The current study suggests that combined therapy of PTH and
ALN not only has an additive effect on bone volume but also on
trabecular stiffness through increased trabecular thickness and
improved connectivity. This novel ITD method was able to isolate
individual incidences of plate and rod repair over a treatment pe-
riod to quantify structural connectivity repair on the individual
trabecular level. The present work showed that combined PTH
and ALN therapy induces a more targeted structural repair than ei-
ther PTH or ALN monotherapy. Furthermore, ITD allowed for the
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automatic detection of the effects of changed connectivity to
delineate its effects on mechanical function. This powerful appli-
cation revealed the highly efficient nature of combined therapy for
specifically targeting connectivity repair and improving mechani-
cal stiffness.

The results from this study further elucidate the additive effects
in bone volume fraction observed in our previous study [17]. Pre-
vious reports show that ALN primarily prevents resorption, result-
ing in stable bone structure [1,2], and that PTH primarily induces
new bone formation, resulting in increased trabecular thickness
[3-7]. While these young, healthy ALN-treated rats did not dis-
play any reduction in connectivity deterioration compared to Veh,
the addition of ALN to PTH resulted in a significant reduction in
connectivity deterioration of both rod and plate trabeculae. The
additive effect of combined PTH and anticatabolic therapy is sup-
ported by a growing body of existing literature [10,15,16,45-49].
Our previous work showed that increased trabecular thickening
was similar in both PTH and PTH+ALN groups, and suggested
the additive effect may be related to the higher occurrence of
plate-like trabeculae [17]. However, the traditional method of
examining connectivity by Conn.D detected no changes in any
treatment group over time. In the current study, ITD analysis
allows us to observe individual connectivity events over time to
make distinctions between various connectivity deterioration and
repair mechanisms. As such, combined therapy was found to offer
a maximal protective effect by both reduced deterioration (fewer
rods disconnected and plates perforated) and increased connectiv-
ity repair (more rod connections and filled plate perforations),
consistent with our hypothesis.

Though it did not reach statistical significance, occurrences of
rod connection and perforation filling were in general higher in
the ALN versus Veh group, and also higher in the PTH+ALN ver-
sus PTH group. Our previous data also showed that ALN with or
without concurrent treatment of PTH promotes plate-like trabecu-
lar structure, suggesting ALN may have an osteogenic function in
addition to its antiresorptive effect. This is consistent with
previous in vitro reports that bisphosphonates, especially ALN,
promote osteoblastogenesis of mesenchymal progenitors and
osteoblastic cells [50-52]. Since the overall frequencies of con-
nected rods and filled perforations are low (2-5% and 0.5-2%,
respectively), these increases are not sufficient to alter the meas-
ured trabecular thickness and bone formation rate calculation.
However, this effect might be critical for the alendronate-induced,
targeted bone formation to increase bone strength.

While the mechanism of targeted osteoblastogenesis is
unknown, deteriorated structure may induce increased stress to
initiate bone remodeling. We speculate that small gaps between
disconnected rods and inside perforations may increase the fluid
shear stress along the surface of bone tissue, while perforated
plates may induce stress concentration in the bone tissue. The
response to these mechanical stimuli may be amplified by either
ALN or PTH administration. In addition, a growing pool of litera-
ture suggests that PTH’s action is partially regulated by local
mechanical signaling, which may play a role in recruiting progeni-
tors and osteoblasts to sites of high stress in either the tissue or
marrow [53-55].

In this study, we used bone stiffness as the most important out-
come to evaluate osteoporosis treatment efficacy. By linear corre-
lation analysis, we demonstrated that percent increase in bone
volume was the strongest predictor of the percent increase in bone
stiffness (R =0.98), the primary treatment efficacy outcome. Fur-
thermore, percent increase in trabecular thickness and ITD-based
connectivity gain, were also strong predictors of percent increase
in bone stiffness (R =0.88 and 0.84, respectively). The mechani-
cal contributions of both thickening and connectivity repair were
also delineated using computational simulation and yFE analysis.
Thickening was the dominant contributor to stiffness in all groups,
with the highest, additive contribution in the PTH4+ALN group.
Connectivity repair contributed to stiffness to a much lesser
degree in all treatments. However, connectivity repair required
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less new bone formation to induce larger gains in stiffness. Com-
pared to the efficiency of thickening, connectivity repair was
almost twice as efficient for promoting increased trabecular bone
stiffness, again with the greatest contribution and efficiency ratio
in the PTH4+ALN group. Our results are consistent with a previ-
ous study by Guo and Kim, which used a computer simulation of
synthetic structure to demonstrate that repairing lost trabecular
connectivity is the most effective means to recover mechanical
properties while trabecular thickening only partially restores me-
chanical properties [24]. Combined with the current data, this sug-
gests that connecting trabecular rods and filling trabecular plate
perforations are critical mechanisms through which combination
therapy can more efficiently restore mechanical function to osteo-
porotic bone.

While the present study showed novel experimental findings
which elucidate the additive effects of combined therapy, it had
limiting factors. First, the sample size of the current study was
small. The addition of more samples is expected to further
increase the differences observed, thus strengthening the current
findings. The precise alignment of baseline and follow-up scans is
highly sensitive to scan quality, and accurate evaluation of con-
nectivity through ITD relies heavily on exact alignment of the two
scans. Thus, in vivo uCT scans with large motion artifact or
reduced signal-to-noise ratio cannot be included for the ITD anal-
ysis. Furthermore, the rotation and thresholding of these scans
subjects them to a further reduction in image quality through
resampling and partial volume effects. In the present work, steps
were taken to optimize scan quality by fixing the rat tibia in place,
and closely monitoring the animals while under anesthesia. The
effects of resampling and partial volume were minimized using
the registration method described, and a global threshold deter-
mined by a thorough adaptive method [17]. In addition, treatment
differences were well above the precision error for both rod and
plate connectivity detection. While the simple axial uFE analysis
was able to deduce meaningful information to delineate the me-
chanical contributions of structural improvements, it oversimpli-
fies the loading in vivo. It is possible that connectivity repair has
an even greater contribution to mechanical function in torsion, or
more complex loading conditions. In addition, this uFE model did
not incorporate differences in bone tissue properties due to treat-
ment. Both PTH and ALN treatments may have an effect on the
bone tissue properties; however, based on previous data we expect
the magnitude of these changes to be small [17], and by definition,
linearly related to stiffness, and would not alter the current find-
ings. An alternative approach to evaluate the contribution of con-
nectivity repair and trabecular thickening was to generate a
simulated d12 image with changes in thickness removed but those
in connectivity remaining. This was not tested in the current
study. However, we would expect similar conclusions with the al-
ternative simulation approach and both methods will be verified in
our future study. Finally, the differences observed between treat-
ments were in a young, intact rat model. However, even in this
intact model with a limited capacity for improvement, we
observed substantial gains in trabecular connectivity. A similar
study is currently ongoing to test these results in an older ovariec-
tomized rat model.

Despite the limitations, this paper also has unique strengths.
The current standard method for evaluating trabecular connectiv-
ity is through measurement of Conn.D [41-44]. This method is
highly sensitive to the amount of bone present, and often over or
under-represents the actual connectivity. In the present work,
Conn.D was not correlated with ITD measures of net connectivity
gain. This is likely due to a shortcoming in Conn.D determination,
which makes no distinction between rod and plate connections,
and would classify a plate perforation as an increase in Conn.D.
Since plate-structure plays a key role in the mechanical compe-
tence of trabecular bone, this occurrence should not be quantified
as a beneficial change in connectivity. The ITD analysis not only
improves upon the detection of connectivity in a manner corre-
lated with mechanical competence, but it also describes changes
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in connectivity over time. This technique afforded us the ability to
precisely quantify connectivity repair and deterioration between
different treatment types. Unlike Conn.D, ITD analysis revealed
important differences between treatment groups that had a
substantial impact on the resulting mechanical function. This will
be an important tool for comparing the function of future drug
therapies, as well.

Conclusion

Overall, this study demonstrates the structural mechanism
through which combined PTH and ALN therapy improves trabec-
ular bone mechanical function. The novel techniques used in this
study demonstrate the importance of connectivity repair for
improving trabecular bone stiffness. Connectivity repair is a
highly efficient way to improve bone stiffness with minimal, but
targeted, new bone formation. Combined therapy appears to cause
greater connectivity repair, thus most efficiently improving bone
stiffness. Since lost trabecular connectivity is far more detrimental
to bone strength than uniform thinning of trabeculae [24], it is cru-
cial to understand the degree to which connectivity can be
repaired and mechanical competence restored by current osteopo-
rosis treatments. This method shows great potential to become a
promising tool in evaluating osteoporosis treatment efficacy by its
ability to improve trabecular connectivity, thus increase bone me-
chanical function.
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