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Abstract

Combined treatment with PTH(1‐34) and mechanical loading confers increased

structural benefits to bone than monotherapies. However, it remains unclear how this

longitudinal adaptation affects the bone mechanics. This study quantified the individual

and combined longitudinal effects of PTH(1‐34) and mechanical loading on the bone

stiffness and strength evaluated in vivo with validated micro‐finite element (microFE)

models. C57BL/6 mice were ovariectomised at 14‐week‐old and treated either with

injections of PTH(1‐34), compressive tibia loading or both interventions concurrently.

Right tibiae were in vivo microCT‐scanned every 2 weeks from 14 until 24‐week‐old.

MicroCT images were rigidly registered to reference tibia and the cortical organ level

(whole bone) and tissue level (midshaft) morphometric properties and bone mineral

content were quantified. MicroCT images were converted into voxel‐based homoge-

neous, linear elastic microFE models to estimate the bone stiffness and strength. This

approach allowed us for the first time to quantify the longitudinal changes in mechanical

properties induced by combined treatments in a model of accelerated bone resorption.

Both changes of stiffness and strength were higher with co‐treatment than with

individual therapies, consistent with increased benefits with the tibia bone mineral

content and cortical area, properties strongly associated with the tibia mechanics. The

longitudinal data shows that the two bone anabolics, both individually and combined,

had persistent benefit on estimated mechanical properties, and that benefits (increased

stiffness and strength) remained after treatment was withdrawn.

K E YWORD S

in vivo microCT, mechanical properties, ovariectomy, parathyroid hormone, tibia loading

1 | INTRODUCTION

Osteoporosis (OP) reduces the bone mineral density, decreases the

bone strength, and increases the risk of fracture, in women and men1. It

is a major clinical1 problem for the ageing society and affects one in

three women and one in five men above 50‐year‐old.2 Reduced fracture

risk is the ultimate goal in any treatment for OP.3 Currently, there exist

many pharmacological treatments for OP found to be effective at

improving the bone mass and structural properties, at increasing the

bone strength4,5 and reducing the fracture prevalence.6
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Current OP interventions include pharmacological treatments

based on bone anabolics (e.g., injections of Parathyroid Hormone PTH,

as the FDA approved Teriparatide), antiresorptives (bisphosphonates),

or antibody targeting sclerostin.7 While these therapies are most

effective at reducing vertebral fractures, the treatment benefits to hip

and other nonvertebral sites are less pronounced.8,9 PTH(1‐34) is a

bone anabolic shown to strengthen the skeleton by promoting bone

osteogenesis, and further to increase the cortical bone response to

mechanical stimuli.10 Pretreatment with PTH thus has the benefit of

mitigating an inherent risk of mechanical loading; inducing the very

fracture it is meant to prevent. However, teriparatide is only approved

by the US Food and Drug Administration for use in patients with

severe osteoporosis up to a maximum of 2 years.11 Investigating the

interaction of mechanical loading and PTH on the bone properties is

helpful to develop novel treatments and strategies that reduce fracture

likelihood and the associated personal and societal costs.

Preclinical studies in mice are useful for the rapid testing of these

treatment regimens,12 with the ovariectomy model being the most used

rodent model to test new treatments for OP. Longitudinally, studies on

antiosteoporotic therapies will often measure the effect of treatments

only on the microstructural properties of the trabecular bone (e.g.,

trabecular bone volume fraction and thickness) or the cortical bone (e.g.,

cortical bone area).13–16 Previous studies have found that ovariectomy

(OVX) reduces the amount of trabecular bone (reduced bone volume

fraction, increased spacing, decreased number) in the proximal mouse

tibia, whereas little effects were found in the cortical bone in its midshaft,

and that these findings are mouse strain dependent.17 In particular, it

was found that ovariectomy has a larger effect on the densitometric

properties of the tibia cortical bone in C57BL/6 mice than in BALB/C

mice and that effects on cortical thickness could be observed only

after 4 weeks from OVX and only for the C57BL/6 mice.18 However,

the bone mechanical properties, in particular the bone strength, are

recommended as more clinically relevant endpoints.19 While bone

mechanical properties have been assessed through standard mechani-

cal testing (e.g., three‐/four‐point bending),20 the destructive nature of

these tests prohibits monitoring of biomechanical changes in a single

animal over time, and thus are limited to studies of cross‐sectional

design. Sometimes, where mechanical tests are not performed, the

change in the murine tibia structure, derived using in vivo micro-

computed tomography (microCT) imaging and recommended in a small

mid‐shaft region of interest,21 is considered as surrogate of change in

the bone's mechanical properties.22 However, little is known about the

relationships between the mouse tibia mechanical and structural

properties in compressive loading. Understanding these relationships is

fundamental to understand to what extent (i.e., under what loading

conditions) we can reasonably use these surrogate measurements.

Computational models based on in vivo microCT images have the

potential of assessing in vivo the biomechanical properties of bones.

Nevertheless, these models have to be comprehensively validated

against experiments in the laboratory before their application in vivo.

Recently, we have shown that microCT‐based micro‐finite element

(microFE) models of the mouse tibia can be used to evaluate accurately

the bone stiffness, bone strength and local deformation, as compared

against state of the art biomechanical experiments.23,24 These models

are useful to noninvasively evaluate the longitudinal mechanical

behavior of the mouse bone.18,25

PTH and compressive mechanical loading, both individually

and combined, have proven benefits to the appendicular bone

structure of ovariectomised mice.16,26 While PTH(1‐34) requires

a “bone anabolic window” to induce an effective osteogenic

response, little is known about its combination with mechanical

loading. We have previously shown that these treatments induce

heterogeneous morphometric and densitometric changes across

the length of the mouse tibia in an OVX mouse model. In particular,

our findings revealed highly‐region dependent adaptations, with an

increased benefit from combined treatment with loading and PTH

to the posterior‐lateral region of the mid‐diaphyseal bone16.

Recently, a cross‐sectional study on C57BL/6 (not OVX) mice

showed that the bone anabolic response to a combination of

mechanical loading and PTH depends on the dose and regimen of

the intervention and that it affects differently the trabecular and

cortical compartments, highlighting the potential of the combined

biomechanical and pharmacological treatment.27 Nevertheless, in

those studies it was not investigated how the bone anabolic effects

would affect the mechanical properties of the bone at early or later

stages of treatments. To our knowledge, no study has evaluated

yet the combined longitudinal effects of PTH and loading on tibia

bone mechanics in an ovariectomised mouse model of OP.

The aim of this study was to quantify the individual and

combined effects of PTH(1‐34) and a controlled, externally applied

load, on the tibia stiffness and strength (failure load) in an

ovariectomised mouse model of osteoporosis. Given strong associa-

tions between tibia bone mineral content and the bone stiffness and

strength reported elsewhere,25 we hypothesize that combining

treatments will further improve the mechanical properties beyond

the therapeutic benefits of individual treatments alone. A secondary

aim was to evaluate organ level and tissue level structural

determinants of the bone mechanical properties to confirm potential

of surrogate measurements for the bone mechanical properties.

2 | METHODS

2.1 | Animals and study design

Eighteen female virgin C57BL/6 mice (Charles River UK Ltd.), and as

described elsewhere,16 were housed in the University of Sheffield's

Biological Services Unit from 13‐week‐old: four mice per cage at

22°C, with a 12‐h dark/light cycle and ad libitum access to 2918

Teklad Global 18% protein rodent diet (Envigo RMS Ltd.) and water.

All the procedures were performed under a British Home Office

licence (PF61050A3) and in compliance with the Animal (Scientific

Procedures) Act 1986. This study was reviewed and approved by the

local Research Ethics Committee of The University of Sheffield. The

findings and experiments in this paper were designed and reported in

accordance with the ARRIVE guidelines.
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C57BL/6 mice were chosen due to documented skeletal

responsiveness to mechanical loading, PTH(1‐34) or OVX.10,16,18,25

These mice were considered to be skeletally mature at the onset of

this study, given that peak cortical bone mass was elsewhere

documented in this mouse strain between 3 and 4 months of age.28

An a priori estimate of sample size was computed based on large

loading effects to cortical thickness after 6 weeks of loading in PTH‐

treated mice,22 indicating that six mice per group was necessary to

achieve 80% statistical power and assuming Cohen's d = 2, α = 0.05.

At 14‐week‐old, mice underwent OVX and remained untreated for

4 weeks following surgery to allow OVX‐induced bone adaptation.18

The OVX group was chosen as control as it is widely accepted as mouse

model for OP and requested by the regulatory bodies when testing new

treatments preclinically. Mice were randomized, one mouse from each

cage, into three treatment groups (n = 6 mice/group) and then treated

on Weeks 18–22, and per schedule in Figure 1, with either (1) PTH(1‐

34), “PTH” group, (2) mechanical loading, “ML” group, (3) concurrent

treatment with PTH(1‐34) and mechanical loading, “ML+PTH” group. All

mice were withdrawn from treatment for the final 2 weeks of the study

(Weeks 23 and 24). Treatment effects were confirmed by comparing

bone structural and mechanical properties with a comparator group

(n = 5), age‐matched femaleC57BL/6 mice that were ovariectomized at

14‐week‐old and received no treatment: “OVX” group.18

All analyses in this study were performed on the right tibia of

each mouse. The measurements obtained at the time of treatment

onset (18‐week‐old) provided internal control for each mouse.

2.2 | Intraperitoneal PTH(1‐34) injections

BetweenWeeks 18 and 22 inclusive, mice received either intraperitoneal

injection of PTH(1‐34) (Bachem) at 100µg/kg/day, 5 days/week on

Monday to Friday (groups: PTH, ML+PTH) or vehicle (group: ML). PTH

was prepared in 1% acetic acid and 2% heat inactivated mouse serum in

Hanks' Balanced Saline Solution.25 We chose the dose of 100μg/kg/day

based on our preliminary experiments in nonoperated mice25 and

previous studies that have shown optimal benefits.29,30

2.3 | Mechanical loading

In ML and ML+PTH groups, the right tibia was uniaxially compressed

along the superior–inferior axis to a peak load of 12.0N by super-

imposing a dynamic load of 10.0N upon a static 2.0N preload. Forty

trapezoidal waveform load cycles were applied (held for 0.2 s at 12.0N)

with a 10 s interval between each cycle. Tibia loading was applied for six

individual sessions, 3 days per week (Monday, Wednesday, Friday),

during Weeks 19 and 21 of age. A 12N load was chosen as this was

previously shown to confer significant bone apposition in female

C57BL/6 mice without impairing mobility following treatment.31 This

load we have shown from microFE estimates and experimentally to

engender peak strain between −2330 and −4825microstrain among

OVX and control mice,32 though the strain can be affected by alignment

during in vivo loading expected to occur intraexperimentally.33 Ten‐

second rest interval was shown to enhance osteogenic effects of

loading.34 Very few load cycles (as low as 40 tibia compressions) and

over few days has been recommended35 and shown reliably to induce

bone formation.22,36 Further, increasing the number of loading cycles by

order of magnitude does not enhance bone formation response.37

2.4 | In vivo microCT imaging and analysis

For each mouse, only the whole right tibia was in vivo microCT

scanned (VivaCT80; Scanco Medical). Mice were positioned in the

microCT scanner on the scanning bed with animal holder provided by

F IGURE 1 Study design and treatment schedule in C57BL/6 female mice. Ovariectomy (OVX) was performed at 14‐week‐old; *treatment

commenced at 18 weeks and was withdrawn at 22 weeks of age. Treatment groups (n = 6 mice/group) PTH: PTH(1‐34) only; ML: mechanical

loading only; ML+PTH: PTH(1‐34) and mechanical loading. This figure was amended with permission from Roberts et al.16 OVX mice were

reported and described in detail previously in Roberts et al.18 [Color figure can be viewed at wileyonlinelibrary.com]
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the manufacturer that allowed to have a single leg in the field of view.

A baseline scan (before OVX surgery) was performed at 14‐week‐old,

then follow‐up in vivo scans were performed every 2 weeks until

Week 22 (Figure 1). At Week 24, mice were euthanized by cervical

dislocation and the right tibia microCT‐scanned ex vivo per the in

vivo imaging protocol. The following scanning parameters, optimized

in a previous study,38 were applied: 10.4 µm isotropic voxel size,

voltage of 55 kVp, intensity of 145 µA, field of view of 32mm,

750 projections/180°, integration time 100ms and 0.5 mm Al Filter.

This scanning protocol induced 256mGy dose to the mouse limb. In

ovariectomized C57BL/6 mice, we found that repeated scans with

this protocol reduced trabecular bone volume, attributed to fewer

trabeculae. However, repeated scans had minimal effects on the

remaining bone structures and did not affect mechanical properties

evaluated in this study, which are less affected by changes in

metaphyseal trabecular morphometry.39 A third‐order polynomial

beam hardening correction algorithm based on a 1200mgHA/cm3

wedge phantom was applied to all the scans.40 A calibration law

based on weekly quality checks performed on a five‐rod densitomet-

ric phantom was used to convert Hounsfield Units in each image into

tissue mineral density (TMD) equivalent values. The reconstructed

microCT images were exported from the microCT evaluation

software as DICOM files for further processing.

2.5 | Image alignment and preprocessing

Before image and finite‐element analysis, a rigid registration

procedure was applied to all scans so that tibiae specimens were,

regardless of different orientations in the microCT scanner, aligned to

a common reference system. Image registration significantly im-

proves the precision of structural measurements in longitudinal in

vivo microCT studies,41 and ensures consistent alignment of bone

along the longitudinal axis for evaluating bone mechanics with finite‐

element analysis. One tibia at Week 14 of age was used as the

reference specimen of which the longitudinal axis was approximately

aligned with the z‐axis of the global reference system. Each image of

remaining tibia at 14‐week‐old was then rigidly registered to the

reference tibia, and the tibia of each mouse at remaining time‐points

(Weeks 16–24) subsequently registered to the 14‐week‐old refer-

ence specimen. Rigid registration was performed on the greyscale

images in software Amira (v5.4.3; FEI Visualization Sciences Group)

using a Quasi‐Newton optimizer and Normalized Mutual Information

as the similarity measure. A Gaussian filter (kernel 3 × 3 × 3, standard

deviation 0.65) was applied to all registered images to reduce high

frequency noise and images were binarised using a global threshold

that was specific to each mouse and defined as the average of the

gray levels between bone and background peaks in each image

histogram.38,42 Specimen‐specific thresholding has been recom-

mended for cases where bone mineralization could differ among

the study groups.21 Further, at 10 µm pixel size good agreement

was observed between the above histogram‐based thresholding

method and operator‐based thresholding for quantifying trabecular

properties,42 which can be an order of magnitude thinner than the

cortical bone that was the focus herein. We have shown that using a

fixed threshold across all specimens leads to higher or comparable

errors than using specimen‐specific thresholding, in trabecular

morphometry when compared with higher resolution ex vivo

microCT scans (4 µm pixel size; see supplementary materials in

Oliviero et al.38).

Across all time points and mice, the mean (± Standard Deviation, SD)

tibia metaphyseal trabecular thickness and midshaft cortical thickness

were 52 ±9µm and 238±30µm, respectively. With the 10.4 µm pixel

size used herein, smaller individual trabeculae were 3–6 pixel in width.

This resolution was found to provide good agreement with most

trabecular properties measured in higher resolution scans (4–6µm voxel

size), as shown by our laboratory38,43 and others.42

2.6 | Morphometric and densitometric analysis

The tibia length (L) was measured at each time point, and a volume

equal in height to 80% of the tibia length was cropped starting

immediately below the proximal growth plate (as shown in Figure 2).

By selecting the 80% length we remove the growth plates and

primary trabecular close to them that increased the densitometric

measurement errors,44 and furthermore focus the analysis on

systemic bone adaptations that are a feature of OP (e.g., secondary

trabecular bone loss18 or gain16 due to hormonal and pharmaco-

logical interventions) compared with local adaptation that occur in

the bone epiphyses and may be affected by physiological loading (i.e.,

due to daily cage activity). This method removes ~6% of the proximal

tibia. While extending the region closer to the growth plate may

improve sensitivity to detect bone changesas shown elsewhere,45 it

was not considered in the current study considering the measure-

ment errors and that the trabecular region has minimal impact on

bone mechanics estimates. Removal of the distal growth‐plate was

confirmed by visual inspection in all specimens. In the 80%L volume

of interest (VOI), cortical bone structural properties were computed

using custom scripts (MatLab 2018a; The Mathworks Inc.), including:

bone mineral content (BMC), tissue mineral density (TMD), bone

volume (BV), and cortical area (Ct.Ar80%L, mm2) which was defined

as the bone volume (BV, mm3) divided by 80% of L (mm). Averaging

cross‐sectional area over the 80%L VOI allows comparison across

time points as the tibia continues to lengthen and affects the BV

measurement.14 Tibia length varied among mice between 16.93 and

18.82mm (corresponding with 80%L: 13.54–15.05mm). BMC was

computed by multiplying the voxel size by the sum of theTMD values

over the total bone volume within each VOI. The polar moment of

inertia (J) and cortical thickness (Ct. Th) and area (Ct.Armid) were

computed in a 1mm thick region in the cortical midshaft (centered

along 50% of L). Engineering theory dictates that Ct.Ar is the most

relevant morphological parameter to compressive mechanical tests.20

We analyzed the midshaft structural properties, consistent with

guidelines defined in Jepsen et al.20 which is the region of bone most

commonly investigated via microCT. However, treatments can affect
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differently regions of bone, considering the highly variable cross‐

sectional morphology of mice bone along its longitudinal axis,46

thus the whole modeled region of interest (80%L) was examined.

All properties were quantified using CT analyser (v1.20.3.0; Skyscan‐

Bruker).

2.7 | Micro‐finite element analysis

Subject‐specific microFE models of each tibia at each time point were

generated from the 80%L VOI. All models excluded the fibula

(Figure 2). A connectivity filter (connectivity rule = 6, bwlabeln function

in Matlab) was used to remove from the binary image the unconnected

bone islands and the connected bone voxels were converted into

8‐node hexahedral elements. Bone was considered homogenous,

isotropic, and linear elastic, with a modulus of elasticity of 14.8 GPa,

and Poisson's ratio of 0.3.23,32 Uniaxial compression was applied by

fixing the nodes of the most distal section of the model and by applying

an axial displacement equal to 0.1mm at the proximal end. The

structural apparent stiffness was calculated as the measured reaction

force in the longitudinal direction divided by the applied displacement.

The failure load was estimated from the linear microFE models as the

amount of force required for 10% of the nodes to reach the yield strain

(third principal strain of −14,420 microstrains).24 The 10% of the model

was excluded from this analysis at each extremity to reduce the effect

of the application of the boundary conditions at the most proximal and

most distal slices of the modeled portion of the tibia. These models

have been recently validated against state‐of‐the‐art experiments for

the prediction of local deformation and structural properties.23,32 The

resulting linear microFE models were solved (Ansys, Release 15.0,

ANSYS, Inc.) on a high‐performance computing (HPC) system (ShARC,

University of Sheffield; 8 cores, memory = 32GB/core) in approximately

30min. MicroFE models were recently validated against experiments

with mean error of 14 ± 8% and 9 ± 6% for the stiffness and strength

estimates, respectively.24

2.8 | Statistics

Data were analyzed by two‐way mixed Analysis of Variance (ANOVA).

Where for a given bone property the F‐values were significant for a

“time‐by‐intervention” interaction, the simple “time‐effect” was investi-

gated using paired t‐tests between (1) treatment baseline (Week 18) and

proceeding time‐points (Weeks 20–24) and (2) between sequential

time‐points (i.e., Weeks 20–24 comparisons).13,18 Between group

differences in bone properties due to treatment and treatment

withdrawal (i.e., at Weeks 20, 22, and 24) were analyzed using Analysis

of Covariance (ANCOVA), adjusted for values at 18‐week‐old and with

post hoc Bonferroni‐adjusted pairwise comparisons. Adjustment for

Week 18 values mitigates biases due to potential group differences in

the bone properties at the onset of treatment. Herein, structural

properties differed between ML and ML+PTH mice at Week 18

(Supporting Information S1: Table 1 and Figure 3). Finally, linear

regression analyses were performed to evaluate relationships between

the structural properties (morphometric, densitometric) of the tibia and

its estimated mechanical properties. Regression analysis was used to

determine the ability of organ‐ and tissue‐level structural properties

(e.g., BMC, Ct.Ar80%L, Ct.Armid) to predict microFE estimates of the bone

stiffness and strength. The differences between the R2 values of organ

and tissue‐level regressions for predicting bone mechanics were

assessed using Steiger's Z test for dependent samples.47 The structural

properties were then forward entered into multivariable linear regres-

sion to assess whether additional properties could improve the

prediction of the tibia mechanics. Statistical significance was set at

α = 0.05. All analyses were performed using SPSS Statistics25

(IBM Corp.).

F IGURE 2 Third principal strain distribution in tibia cross‐sections at 37% and 50% of the bone length (relative to proximal end) in

representative specimen from each treatment group and at treatment onset (Week 18) and treatment withdrawal (Week 22). [Color figure can

be viewed at wileyonlinelibrary.com]
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3 | RESULTS

All treated mice completed this study without complication, for

example, there were no observable impairments in the limb following

mechanical loading that could otherwise affect the mouse gait

and bone adaptations. Uterine mass at the end of this study

was significantly lower in the OVX group than in nonoperated

controls as we previously reported18 (uterine mass: 8.6 ± 2.4 mg vs.

83.5 ± 15.4mg, p < 0.001).

3.1 | Longitudinal effects of PTH(1‐34) and

mechanical loading on the bone length, bone

morphometric, and the estimated mechanical

properties

No woven bone formation was observed among study groups

(Supporting Information S1: Figure 1, nor an increase in the tibia cortical

porosity, both of which have been reported elsewhere and may be a

consequence of longer PTH administration10 or a combination of PTH

and higher applied external loads22 than in this paper.

Significant “time‐by‐intervention” interaction and “time‐effect”

were observed for bone size, morphometric properties and estimated

mechanical properties. In all treatment groups, a significant and

persistent increase in the tibiaBMC and Ct.Ar80%L was observed from

Weeks 18–20 to 20–22 (Figure 3 and Supporting Information S1:

Figure 1 and Table 1, p < 0.005). Anabolic benefits were retained

following treatment withdrawal (Weeks 18–24 comparison), though

Ct.Ar80%L significantly decreased from Weeks 22–24 in ML mice

(p = 0.040). In all treatment groups a persistent increase in L was

observed from Weeks 18 to 22; and in OVX mice L was significantly

longer at Weeks 22 and 24 than Week 18. Changes in L among all

groups were relatively modest (between 1.2% and 2.3% change from

Week 18 to 24, p < 0.01; and Supporting Information S1: Figure 2).

In all groups, estimated stiffness and failure load significantly

increased from Weeks 18 to 20. From weeks 20 to 22, stiffness

significantly increased in ML mice, and failure load increased in ML and

ML+PTH groups (Figure 3, all p<0.05). With the increase in tibia stiffness

a decline in induced strains under the applied load was observable from

Weeks 18 to 22 (Figure 2). The strain distribution, concentrating

compressive strain in the posterior‐lateral aspect of the tibia, was

consistent with strain maps reported frommicroFE analysis of others who

included the fibula in their model.48No significant changes in stiffness nor

failure load were observed following treatment withdrawal. Individual

trends for both structural and estimated mechanical properties are

reported in the Supporting Information S1: Figure 3.

F IGURE 3 Mean percent change (±1 SD), relative to Week 18 values, in (top) tibia BMC and cortical area, and (bottom) estimated stiffness

and failure load. Statistically significant difference between treatment groups (ANCOVA, adjusted for Week 18 values):+PTH versus ML; *ML

+PTH versus PTH; ‡ML+PTH versus ML. Structural and mechanical properties were higher in all treatment groups than OVX at all time points.

Readers should refer to Supporting Information S1: Figure 1 for changes in mean values for the duration of the study (including OVX effects

during the pretreatment period, from Weeks 14 to 18 weeks of age). [Color figure can be viewed at wileyonlinelibrary.com]
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3.2 | Between group differences in structural and

estimated mechanical properties over time

In all treatment groups, bone properties were significantly improved

compared with the OVX controls. Following adjustment for Week 18

values, both the structural and estimated mechanical properties

differed among treatment groups (Figure 3). At Week 20 BMC and

Ct.Ar80%L were significantly higher in PTH (percentage difference

[range (95% CI)]: BMC + 4.9 (0.9, 8.9) %; Ct.Ar80%L + 3.3 (0.1, 6.4) %,

all p < 0.05) and in ML+PTH (BMC + 6.1 (1.2, 11.0) %; Ct.Ar80%L + 5.8

(1.9, 9.7) %, all p < 0.01) than ML mice. At Week 22, BMC and

Ct.Ar80%L were significantly higher in ML+PTH than PTH (BMC + 6.9

(1.9, 11.8) %; Ct.Ar80%L + 13.9 (7.0, 20.7) %, all p < 0.01) and

ML mice (BMC + 6.9 (1.0, 12.7) %; Ct.Ar80%L + 14.4 (5.7, 22.9)

%, all p < 0.01).

In ML+PTH, bone stiffness was significantly higher than in PTH

at Week 20 (+10.8 (3.8, 17.9) %, p = 0.001) and Week 22 (+12.8 (1.5,

24.2) %, p = 0.020) and in ML mice at Weeks 20–24 (11.7–13.2 (0.2,

24.6) %, p < 0.05). Failure load was significantly higher in ML+PTH

than PTH and ML at all time points (mean difference 8.0–13.6 (1.5,

21.6) %, p < 0.01). Neither stiffness nor the failure load differed

between PTH and ML mice.

At Week 22, tibia length was significantly higher in ML+PTH

than PTH groups and, at Week 24, significantly higher in loaded

limbs (ML+PTH and ML) than OVX and PTH groups (p < 0.05)

(Supporting Information S1: Figure 2).

3.3 | Determinants of bone estimated mechanical

properties

In all treatment groups, the tibia BMC and Ct.Ar80%L were strong

predictors of the bone stiffness (R2‐range: 0.769–0.904, all

p < 0.001; Figures 4 and 5) and of the failure load (R2‐range:

0.855–0.950, all p < 0.001). The tibia length was a significant, albeit

relatively week predictor of stiffness (R2‐range: 0.253–0.700,

p < 0.01) and strength (R2‐range: 0.435–0.741, p < 0.01). Similarly,

midshaft structural properties—polar moment, cortical area and

thickness—were strong predictors of the bone stiffness (R2‐range:

0.724–0.902, all p < 0.001) and the failure load (R2‐range:

0.823–0.958, all p < 0.001) (Figures 4 and 5). In PTH, the

Ct.Ar80%L better predicted strength than Ct.Armid (R2: 0.925 vs.

0.823, p < 0.05). In ML, BMC was a better predictor of both stiffness

and strength than Ct.Armid (R2: 0.904 vs. 0.828, 0.936 vs. 0.852,

respectively, p < 0.05). In ML+PTH, Ct.Armid and polar moment

better predicted strength than Ct.Ar80%L (R2: 0.958, 0.954, and

0.855, respectively, all p < 0.05). In the multivariable regression

analysis, additional structural properties provided significant, albeit

F IGURE 4 Linear regression analyses showing for each treatment group interrelationships between the tibia structural properties and

estimate stiffness (top row) or estimated failure load (bottom row). [Color figure can be viewed at wileyonlinelibrary.com]
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F IGURE 5 Linear regression analyses showing for each treatment group interrelationships between the tibia midshaft structural properties

and estimated stiffness (top row) or estimated failure load (bottom row). [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 1 Summary of multiple linear regression analysis for the prediction of bone stiffness and strength.

Dependent var. Model R
2 Adj. R2

R
2 changea p Value

Strength

OVX BMC 0.870 0.865 <0.001

ML Ct.Armid 0.941 0.939 <0.001

Ct.Armid, BMC 0.963 0.960 0.022 <0.001

Ct.Armid, BMC, J 0.972 0.970 0.010 0.002

PTH J 0.927 0.925 <0.001

J, Ct.Ar80%L 0.941 0.938 0.014 0.008

ML+PTH Ct.Armid 0.958 0.957 <0.001

Ct.Armid, BMC 0.977 0.975 0.019 <0.001

Ct.Armid, BMC, Ct.Th 0.981 0.979 0.004 0.011

Stiffness

OVX Ct.Armid 0.503 0.485 <0.001

ML BMC 0.904 0.901 <0.001

BMC, J 0.934 0.930 0.030 <0.001

aOnly models where a significant F‐change was found are reported, indicating that additional structural properties improved the predictions of the bone

mechanics.
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modest, improvements on the prediction of the tibia mechanics

(range of the change in R2: 0.004–0.030, p < 0.01, Table 1).

In the “OVX” group, organ level and tissue level properties were

modest to good predictors of strength (R2‐range: 0.652–0.870, all

p < 0.05), with the exception of Ct.Ar80%L that weakly, albeit

significantly, predicted bone strength (R2 = 0.160, p = 0.03). Bone

structural properties were also poorer predictors of the estimated

bone stiffness (R2‐range: 0.164–0.513, all p < 0.05).

The linear regressions for the pooled data from every group are

reported in the Supporting Information S1: Figures 5 and 6. They

show good to excellent relationships between the densitometric

(BMC) and cortical bone properties and the bone stiffness

(0.770 < R2 < 0.876) or failure load (0.845 < R2 < 0.942).

The details of the regression coefficients for each group and pooled

data are reported in the Supporting Information S1: Tables 4 and 5.

4 | DISCUSSION

In this study, we quantified the individual and combined longitudinal

effects of PTH(1‐34) and mechanical loading on the microFE‐derived

mechanical properties of mouse tibia in an ovariectomised mouse

model of osteoporosis. Combined treatment had increased benefits to

the estimated bone stiffness and strength than individual treatments,

consistent with greater benefit to structural parameters and confirming

the study hypothesis. Both the organ‐level and the tissue‐level

(midshaft) structural properties, including the cortical area and total

BMC, were strong predictors of the estimated bone mechanics.

With OVX, the estimated bone stiffness and strength did not

change over time, while measures of BMC and the bone morpho-

metric properties were also stable. This result highlights that the OVX

model can replicate some of the accelerated bone resorption

observed in postmenopausal women with OP but that the reduction

of bone mass is not sufficient to reduce the bone strength in mice.

This is probably due to the fact that OVX affects mainly the proximal

trabecular bone and only at a later stage the cortical bone18 and that

trabecular bone has only a limited influence on the mouse tibia

strength.39 With PTH monotherapy, both the stiffness and strength

improved, consistent with findings elsewhere in non‐ovariectomised

C57BL/6 mice.25 Mechanical loading similarly improved the tibia

mechanics, which to our knowledge had not been quantified

longitudinally before. Cross‐sectionally, Warden et al.49 demon-

strated the ability for tibia loading to confer structural and strength

benefits to the tibia for at least 1 year when ovariectomy induced

osteoporosis was performed proceeding the loading bouts. In

another cross‐sectional study, no or modest significant benefits to

the bone axial compressive strength, and unexpectedly a decline in

the bone stiffness, were observed,50 partially in agreement with our

findings for loading monotherapy. This discrepancy could in part be

attributed to differences in loading regimens across studies or

methodological approach comparing in silico versus laboratory

experiments and longitudinal versus cross‐sectional design. In

Holguin et al.50 the loading protocols were defined by a lower load

(10 N), longer treatment duration (6 weeks) and an increased number

of daily loading cycles (60 or 1200 cycles/day) than herein, and the

authors speculated that the decline in stiffness was a consequence

of damage within pre‐existing bone, though more deliberate

experiments are still required to confirm this hypothesis.

Combining PTH and loading treatments had increased benefits to

tibia mechanics (stiffness and strength) and the cortical bone

structural properties (BMC, TMD, Ct.Ar, and Ct.Th). The enhanced

structural benefits, specifically when combining PTH in the tibia

loading model, have been well documented in the C57BL/6 mouse,

across either intact, young and aged (19‐month‐old) or ovariecto-

mised animals and consistent with findings herein.10,16,22 To our

knowledge, the increased benefit to compressive bone mechanics are

reported for the first time, though improvements in bending strength

has often been inferred from changes in structure for example, an

increase in the polar moment of inertia,22 and according to basic

principles of beam theory.20 This result highlights the potential of

combining biomechanical and pharmacological treatments to over-

come the effect of accelerated bone resorption induced by decrease

in oestrogen in mice, and this option should be considered for future

clinical studies. Nevertheless, considering that the external mechani-

cal loading used in this study may induce relatively high deformation

in the tibia, combinations of pharmacological treatments with lower

strain and strain rate biomechanical intervention (e.g., running on

treadmill) should be investigated in the future. It is advantageous of

the longitudinal study design that we observe greater osteogenic

benefits following the first bout of loading at 19‐week‐old, at which

the largest increase in failure load was also observed (e.g., in ML+PTH

change of failure load betweenWeeks 18 and 20 of age equal to 20%

versus change of failure load betweenWeeks 20 and 22 of age equal

to 9%). As the stiffness of the bone increased, we observed that the

strains induced by Week 21 loading decreases (Figure 2) and this

corresponded with reduced bone formation from 20 to 22 weeks of

age.51,52 As noted in a review by Meakin et al.36 and more recently

Main et al.35 the peak strain engendered by tibia loading, rather than

the magnitude of the applied load, is most important for modulating

the bone anabolic response. Thus, the decline in the bone formation

rate was not unexpected after the initial loading bout, and an increase

in the applied load would be necessary at Week 21 to engender the

same response. Future work may consider strain matching across

loading bouts, however careful design is emphasized to minimize

possible adverse events such as impaired mobility that has been

documented in applied loads exceeding 12N.31

It is noteworthy that we observed these animals following 2 weeks

of treatment withdrawal. Enhanced fracture risk following discontinuation

of treatment is of concern.53 This may be due to poor treatment

adherence, or discontinuation as a result of adverse events or following

permissible treatment course (e.g., teriparatide treatment is not recom-

mended to exceed 2 years). However, to our knowledge the impact of

withdrawal on bone properties has not been observed. We show that

benefits in bone mechanics and structure were retained in the 2 weeks

following treatment cessation. This could suggest a period exists to

transition to alternative therapies without compromise of bone health.

ROBERTS ET AL. | 9
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Among all treatment groups the cortical bone organ‐ and tissue‐

level structural properties were strong predictors of the estimated

tibia stiffness (R2 > 0.724) and strength (R2 > 0.823). This is in contrast

with metaphyseal trabecular bone properties which were generally

poor predictors of the bone mechanics (Supporting Information; in

line with the low contribution of trabecular bone to the structural

mechanical properties in the mouse tibia38). In comparison, improve-

ments in the trabecular bone mass were strong predictors for

increased bone strength of the trabecular rich vertebra where

strength was determined per microFE analysis in mice54 and

mechanical testing in humans.55 The improved ability to predict

bone mechanics using the whole tibia versus regional measurements

differed among the treatment groups. Generally, in ML and PTH

mice, whole tibia properties better predicted stiffness or strength,

whereas in ML+PTH, midshaft cortical area better predicted strength

than cortical area along the 80%L volume (R2 > 0.85 in either case).

This would suggest that the midshaft morphometric properties are

reasonable proxies from which one could infer the bone mechanics,

however the biomechanical analyses provide a more detailed

assessment of the structural behavior of the bone. As shown in our

laboratory and others, whole bone imaging for comprehensive spatial

analyses can be critical to elucidate heterogeneous benefits of OP

treatments on bone, which could otherwise be underrepresented by

standard morphometric analyses at the limb midshaft.21

MicroCT imaging is extensively used in preclinical studies to

noninvasively measure the bone microstructure and density, and

their changes over time.21,56 Whereas, the therapeutic adaptation of

bone mechanics are more commonly evaluated cross‐sectionally

using destructive mechanical tests.20 The temporal behavior of bone

mechanics is thus evaluated by sacrificing many different groups of

mice at different time points, for example,57,58 Combining the

microCT image data with validated microFE models is an important

experimental refinement that permits an accurate, noninvasive, and

hence longitudinal, estimation of the bone mechanical properties in

the targeted limb of the same animal over time. This approach,

applied within a longitudinal study design,59 has contributed to a

substantial reduction in the number of animals used herein than is

typically used in the preclinical assessment of antiosteoporotic

treatment strategies, a fundamental step toward the 3Rs (replace-

ment, refinement, and reduction of the usage of animals in

research).19 Moreover, the longitudinal data has been essential to

inform mechanistic models of bone remodeling for example.51,60,61

The ovariectomized C57BL/6 mouse is one of the most common

models for OP research due to rapid trabecular bone loss in the

epiphysis of long bones.18 Change in cortical bone in the “OVX” group,

in which no treatment was provided, was characterized by non‐

significant and negligible change in cortical bone, which did not

translate to a longitudinal change (neither strengthening nor weakening)

in the estimated mechanical properties. This is a limitation of this OP

model, given that features of the disease include thinning and

trabecularization of the cortical bone accompanied by bone weakening.

Increased cortical porosity was found in aged (19 month) C57BL/6 mice

following sustained (4–6 weeks) administration of PTH(1‐34),10 but not

over a 2‐week treatment period and as confirmed by the work in

younger, ovariectomized mice herein. Certainly, there is work to

identify more relevant bone sites to the human disease, for example, at

the femoral neck.62 However, study of the femur or vertebra in mice

present their own disadvantages. For example, these anatomical sites

present differently than in primates, the loading conditions can be

difficult to control, and imaging (excluding caudal vertebra) is not

possible in vivo without exposing large ionizing radiation dose to vital

organs. While we acknowledge that the model may only represent

some of the phenotypes of OP, it was useful to demonstrate benefits in

all treatments (pharmacological, biomechanical, and combined) with

oestrogen deficiency.

4.1 | Limitations

There were limitations in our study. First, in the in vivo study we have

not included a sham operated group as control to evaluate the effect

of ovariectomy on the mechanical properties of the mouse tibia. In

two previous studies we have found (1) no significant differences in

densitometric properties of the mouse tibia between sham operated

and non‐operated C57Bl/6 mice (unpublished data) and (2) significant

differences between the morphometric and densitometric properties

of the mouse tibia of ovariectomised and non‐operated C57BL/6

mice, which however did not affect the tibia mechanical properties

estimated with microFE models.18 This result could be due to the fact

that ovariectomy affects mainly the trabecular bone, which in the

mouse tibia is found mainly in the most proximal portion of the bone.

It remains to be investigated what would be the effect of combined

treatments on sham operated mice. Therefore, as mentioned above,

while ovariectomy is considered the best model of osteoporosis in

rodents, further studies should be performed in this area to

understand its validity when testing the effect of new treatments

on the bone mechanical properties. Second, the in vivo study design

precludes microCT scanning at smaller voxel size without increased

radiation dose. PTH, depending on the dosing strategy, is shown to

increase the cortical bone porosity, including in 19‐month‐old

C57BL/6 mice.10 The intracortical pores may only be <10 µm in

diameter.63 Thus, we could not reasonably resolve these features in

our images and pores were not incorporated in our microFE models,

though elsewhere increased porosity has been associated with

increased bone fragility.63,64 Regardless, we report good agreement

between experimental and predicted bone mechanics from recent

validation experiments within our group, and that included left tibiae

of the ovariectomised and PTH‐treated mouse reported herein.23

Third, linear homogeneous microFE models were used. Assigning

heterogeneous material properties to the microFE models could, in

part, account for heterogeneity in local mineralization of the bone.

While bone stiffness predictions were not improved in our microFE

model validation study as the model complexity was increased,23 it

remains to be investigated if heterogeneous models would improve

the predictions of tibia mechanical properties remodeled due to

controlled, externally applied loading. Similarly, nonlinear models

10 | ROBERTS ET AL.

 1
5
5
4
5
2
7
x
, 0

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
0
2
/jo

r.2
5
7
7
7
 b

y
 T

est, W
iley

 O
n
lin

e L
ib

rary
 o

n
 [2

2
/0

1
/2

0
2
4
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o

m
m

o
n

s L
icen

se



could be implemented to account for local damage and localization of

deformation in tibia from OVX and treated bones. Nonlinear microFE

models have been recently applied to the human radius from lower

resolution images65 and future applications in preclinical studies to

evaluate the bone strength in the mouse tibia could be explored, after

proper validation versus experiments and improvement of microFE

model efficiency.

5 | CONCLUSION

Combining PTH(1‐34) and tibia loading had increased benefits to the

tibia bone stiffness and strength than individual therapies. The bone

mechanics were strongly related to both the bone organ‐level and

tissue‐level structural properties that similarly improved with

treatment. Our longitudinal data shows that the mono‐ and combined

therapies had continued benefit (i.e., a persistent increase) to bone

structure and strength over time. Furthermore, that these benefits

were retained after withdrawal of treatment. This data highlights the

utility of microCT informed microFE models to quantify bone

mechanics in preclinical imaging studies for testing novel treatments

of low bone mass in osteoporosis.
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