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Abstract Bone fragility depends on bone mass, structure,

and material properties, including damage. The relation-

ship between bone turnover, fatigue damage, and the pat-

tern and location of fractures, however, remains poorly

understood. We examined these factors and their integrated

effects on fracture strength and patterns in tibia. Adult male

mice received RANKL (2 mg/kg/day), OPG-Fc (5 mg/kg

29/week), or vehicle (Veh) 2 days prior to fatigue loading

of one tibia by in vivo axial compression, with treatments

continuing up to 28 more days. One day post fatigue, crack

density was similarly increased in fatigued tibiae from all

treatment groups. After 28 days, the RANKL group

exhibited reduced bone mass and increased crack density,

resulting in reduced bone strength, while the OPG-Fc

group had greater bone mass and bone strength. Injury

repair altered the pattern and location of fractures created

by ex vivo destructive testing, with fractures occurring

more proximally and obliquely relative to non-fatigued

tibia. A similar pattern was observed in both non-fatigued

and fatigued tibia of RANKL. In contrast, OPG-Fc pre-

vented this fatigue-related shift in fracture pattern by

maintaining fractures more distal and transverse. Correla-

tion analysis showed that bone strength was predominantly

determined by aBMD with minor contributions from

structure and intrinsic strength as measured by nanoin-

dentation and cracks density. In contrast, fracture location

was predicted equally by aBMD, crack density and

intrinsic modulus. The data suggest that not only bone

strength but also the fracture pattern depends on previous

damage and the effects of bone turnover on bone mass and

structure. These observations may be relevant to further

understand the mechanisms contributing to fracture pattern

in long bone with different levels of bone remodeling,

including atypical femur fracture.
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Introduction

Osteoporosis is predominantly a condition related to aging,

causing fragility fractures which increase exponentially in

the elderly, eventually affecting 50 % of women and 30 %

of men past 50 years of age. Bone mineral density is

strongly associated with bone strength [1, 2]; however, the

bone density of populations who fracture and those who do

not fracture overlaps considerably; extra-skeletal factors

such as the risk and nature of falls may not be sufficient to

explain these discrepancies [3, 4]. Several investigations

using HR-pQCT showed that impaired bone microarchi-

tecture was associated with fractures independently of

BMD [5, 6]. Despite some methodological limitations,

principal component analysis revealed that BMD,

microarchitecture, and micro-finite element analyses

parameters jointly explained 86.2 % of the total variability

of wrist fracture [7, 8]. These observations suggest that

material properties known to have a direct influence upon
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the initiation and propagation of microcracks could also

modestly contribute to fracture risk [9, 10].

It has been proposed that osteoporotic fractures may

result from a positive feedback between microdamage

and the resulting remodeling that attempts to repair the

damage [11], which temporarily reduces bone volume in

a manner that can increase cortical porosity [12]. Hence,

it has been predicted that excessive loading may cause

the system to become unstable, with microdamage

increasing and provoking localized remodeling that may

further destabilize the damaged site [13]. On the other

side, it has been hypothesized that the inhibition of bone

remodeling may also cause detrimental changes in bone,

such as decreased mineral crystallinity [14] and inhibi-

tion of microdamage repair, which could favor bone

fragility [15–19]. However, in these studies microdam-

age and/or material properties were not correlated to

overall bone strength, and levels of bone turnover were

not directly assessed. These important research questions

may have relevance to the etiology of atypical femur

fractures (AFFs), which have been described in a small

percentage of patients on antiresorptive therapies. Rel-

ative to osteoporotic femur fractures, AFFs occur more

distally and have a more transverse fracture pattern [20].

The observation of AFF in patients treated with bis-

phosphonates or denosumab suggests an interaction

between microdamage and the level of bone turnover,

which could affect not only bone strength but also the

pattern and location of fracture [20]. Recent data from a

rodent long bone healing model indicated that deno-

sumab shifted the location of fractures produced during

ex vivo torsional testing [21]. Hence, the main objective

of our study was to clarify determinants of bone strength

and fracture patterning in the context of high and low

turnover and fatigue damage in an axially loaded mouse

tibia model.

Materials and Methods

Animals

Seventy-two 14-week-old male C57BL/6J mice were

obtained from Charles River (France), and weight-matched

mice were housed 6 per cage in a laboratory animal care

facility with a 12-h light/dark cycle. At 16 weeks of age,

three treatments were initiated (n = 24 per group): vehicle

(Veh, saline, sc), osteoprotegerin–immunoglobulin Fc

segment complex (OPG-Fc, 5 mg/kg twice per week, sc),

and receptor activator of nuclear factor kappa-B ligand

(RANKL, 2 mg/kg/day, sc), known to induce 3 levels of

bone remodeling—normal, low, and high, respectively.

RANKL and OPG-Fc regimens have been chosen to,

respectively, increased and decreased bone resorption [22].

Two days after treatment initiation, the left tibia of all mice

was subjected to fatigue loading. The non-stimulated tibia

served as an internal control. Half the mice from each

treatment group were sacrificed 1 day after fatigue loading

(n = 12 per treatment), and the remaining mice continued

their treatments for an additional 28 days before being

sacrificed. For the mice sacrificed 30 days after the initia-

tion of the treatment, dynamic indices of bone formation

were evaluated by the subcutaneous injections of calcein

(25 mg/kg, Sigma, Switzerland) 9 and 2 days before

euthanasia. Mice were euthanized by an overdose of

ketamine–xylazine. Blood from all mice was obtained from

the submandibular vein at baseline and after 3 and 30 days

of treatment for analysis of TRACP5b (tartrate-resistant

alkaline phosphatase form 5b). Tibiae were excised for

micro-computed tomography (microCT) analysis, histo-

morphometry, microcrack evaluation, destructive axial

compression testing, and nanoindentation. Bone mineral

density (aBMD, g/cm2), microarchitecture, indentation,

cortical cracks, and histomorphometric measurements were

performed as previously described [23–29]. Details of each

method are provided in appendix.

All animal procedures were designed in accordance with

the Swiss Federal Act on Animal Protection following

AALAC/IACUC protocols, approved by the University Of

Geneva School Of Medecine Ethical Committee (1055/

3781/2).

In Vivo Fatigue Loading

Fatigue loading force intensity was determined based on

previous ex vivo axial compression fracture tests [24].

This intensity corresponded to the value obtained when

the increase in actuator displacement reached 30 % of

the average displacement at complete fracture, as pre-

viously defined [30]. The following parameters have

been used, inferred from previous study: peak load = 14

N; peak strain (midshaft cortex) = 1500 le; pulse period
(trapezoid shaped pulse) = 0.1 s; rest time between

pulses = 0.33 s; full cycle frequency (pulse ?

rest) = 3 Hz [30]. A total of 3240 cycles (* 18 min)

were applied.

Destructive Biomechanical Testing

Tibia were tested ex vivo in a destructive axial compres-

sion test that aligned the strength test in the same direction

as the in vivo fatigue stimulus, as previously described

[31]. The cartilaginous part of the distal tibia was removed

using a saw, and the tibia was oriented with the proximal

side up and the distal end fixed in a drill chuck in a con-

sistent manner to ensure that the same percentage of bone
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length is fixed in the chuck (Fig. 1). Tibiae were loaded to

fracture to determine whole-bone mechanical properties.

Localization and Pattern of Experimental Fractures

After biomechanical testing, fractured tibias were scanned

by microCT as described in the appendix. The maximum

(Dmax) and minimum (Dmin) distances from the proximal

tibial plateau to the fracture line were measured using

Scanco software. Fracture location was assessed by Dmean

([Dmax ? Dmin]/2), and fracture pattern by Ddelta

(Dmax-Dmin) (Fig. 1).

Statistical Analysis

The effects of fatigue in each treatment group were

examined by comparing the loaded and the non-loaded

tibia using a paired t test. The effects of the two durations

of treatment (1 day and 28 days after fatigue) on bone

parameters were compared using an unpaired t test.

The effects of fatigue and the effects of the remodeling

rate and their interactions on bone fracture parameters

were investigated using a two-way ANOVA. As appro-

priate, Fisher’s protected Least Squares Difference

(PLSD) post hoc tests were performed to assess differ-

ences between groups. A Pearson correlation matrix was

generated to determine which bone parameters were

correlated to tibial strength, with all groups included in

the analysis. Differences were considered significant at

p\ 0.05. Data are presented as mean ± SEM. Analyses

were performed with Statview and MedCalc Statistical

Software version 13.1.2 (MedCalc Software bvba,

Belgium).

Results

Effects of RANKL and OPG-Fc on Bone Strength

and Fracture Pattern in Non-fatigued Tibia

After 3 days of exposure, OPG-Fc and RANKL, respec-

tively, decreased and increased TRACP-5b, an osteoclast

bone turnover marker (Table 1). At this time, no significant

treatment-related changes in aBMD were yet observed, nor

any differences in cortical microarchitecture, crack density,

intrinsic biomechanical properties, bone strength, pattern

and location of fracture in non-fatigued bones (Fig. 2a, b;

Table 1). After 30 days, the RANKL group exhibited

decreased aBMD and microstructure, while cracks number

per bone area (CrN/BA) increased, resulting in lower bone

strength relative to Veh controls (Table 2). At that time,

fractures pattern had become more oblique and proximal in

RANKL vs Veh, as shown by a Ddelta of ?87.5 %, and

Dmean of -39.7 % relative to Veh controls (both

p\ 0.05, Fig. 2c, d). In contrast, OPG-Fc increased bone

mass and microarchitecture and decreased CrN/BA

(Table 2). As a consequence, bone strength was increased

but the pattern and location of fractures remained compa-

rable to the Veh group (Fig. 2c, d; Table 2).

Acute Effects of Fatigue Loading on Bone Strength

and Fracture Pattern

One day after fatigue loading, trabecular and cortical

microstructure across all regions remained unchanged,

regardless of treatment (Fig. 3a, b). Fatigue significantly

increased crack density in all treatment groups (Veh, OPG-

Fc, and RANKL, Fig. 3c). Nanoindentation-derived intrin-

sic bone material properties remained unaffected by fatigue,

Fig. 1 An example of a completed axial compression test of the

whole tibia, and schematic images describing fracture morphology

assessments. Dmax and Dmin represent the highest and lowest

distances from the proximal tibial plateau to the fracture site,

respectively. The mid-way point between Dmax and Dmin, called

Dmean, indicates fracture location, with a high Dmean indicating a

more distal (diaphyseal) location and a low Dmean indicates a more

proximal (metaphyseal) location. Fracture pattern was indicated by

the Ddelta, which indicates the relative obliqueness of the fracture

line. Fractures with a higher Ddelta are more oblique, while those

with a lower Ddelta are more transverse

N. Bonnet et al.: Influence of Fatigue Loading and Bone Turnover on Bone Strength… 101

123



whereas the combination of fatigue and RANKL signifi-

cantly decreased the modulus compared to fatigued tibiae

from the OPG-Fc and Veh groups (Fig. 4). At this early time

point, no periosteal reaction/callus was observed at the

proximal tibial and bone strength as well as location or pat-

tern of experimental fractures were not changed (Fig. 3d, e).

Influence of Bone Turnover on Injury Response

to Fatigue Loading

After 1 month of exposure, OPG-Fc increases, while

RANKL decreases BMD at proximal tibia as well as tra-

becular and cortical structure (Fig. 5a–c), with OPG-Fc

effects on BMDbeing greater in fatigued tibia. Fatigue alone

had no influence on trabecular and cortical tibial

microstructure, nor nanoindentation parameters (Fig. 4).

Periosteal calluses were located from 600 to 1800 lm under

the proximal growth plate in fatigued tibia for all groups, and

callus BV was more than twice as great in OPG-Fc vs Veh

(p\ 0.05), whereas no significant differences in callus BV

were noted between RANKL and Veh (Fig. 5d, e). At that

point, crack density in fatigued bones remained significantly

higher in the RANKL group (Fig. 5f). In contrast, OPG-Fc

reduced crack density in fatigued tibiae such that it became

lower than the Veh and RANKL groups and similar to non-

fatigued OPG-Fc treated tibia.

In accordance with expected changes in bone remod-

eling activity, endocortical bone formation rate (BFR/

BPm) was very low in the fatigued and non-fatigued

OPG-Fc group compared to Veh or RANKL. In contrast,

periosteal BFR/BPm was not significantly changed by

OPG-Fc both in fatigued and non-fatigued (Fig. 5g–i).

Histomorphometry confirmed the absence of intra-cortical

remodeling in non-fatigued mice, whereas calcein

Table 1 Effect of 3 days of

RANKL and OPG-Fc on bone

parameters linked to bone

strength in non-fatigued bone

Parameter Vehicle OPG-Fc RANKL

Bone resorption Serum TRACP5b (U/L) 3.5 ± 0.1 1.8 ± 0.1****,$$$$ 5.7 ± 0.1****

Whole tibia aBMD (mg/cm2) 52.2 ± 2.7 51.3 ± 0.4 50.3 ± 0.5

1/3 Proximal aBMD (mg/cm2) 53.9 ± 0.7 53.7 ± 0.5 50.7 ± 0.6

1/3 Midshaft aBMD (mg/cm2) 45.2 ± 0.7 44.3 ± 0.4 44.3 ± 0.6

Proximal BV/TV (%) 10.4 ± 1.9 11.5 ± 1.7$ 7.9 ± 1.5 *

Tb.N (1/lm) 4.2 ± 0.1 4.5 ± 0.1$$ 3.5 ± 0.1**

Tb.Th (lm) 50 ± 1 49 ± 1 48 ± 1

Tb.Sp (lm) 236 ± 4 221 ± 5 289 ± 4

Midshaft Ct.TV (mm) 0.74 ± 0.01 0.73 ± 0.01 0.77 ± 0.02

Ct.BV (mm) 0.42 ± 0.008 0.41 ± 0.004 0.43 ± 0.01

CrN/BA (1/mm2) 72.0 ± 7.3 86.1 ± 8.2 88.3 ± 8.4

CrS/BS (%) 7.5 ± 1.0 6.6 ± 0.6 6.6 ± 0.4

Proximal Modulus (gPa) 14.3 ± 0.6 15.5 ± 0.5 16.0 ± 0.8

Hardness (mPa) 431.8 ± 14.4 390.1 ± 40.3 450.8 ± 36.5

Bone strength Ult. Force (N) 26.4 ± 0.8 25.0 ± 1.3 24.8 ± 0.6

Stiffness (N/mm) 35.6 ± 2.7 35.6 ± 2.0 35.2 ± 2.6

Elastic E (N.mm) 10.3 ± 0.7 10.4 ± 0.8 11.3 ± 0.6

TRACP5b tartrate-resistant alkaline phosphatase form 5b, aBMD areal bone mineral density, BV/TV bone

volume fraction, Tb.N trabecular number, Tb.Th trabecular thickness, Tb.Sp trabecular separation, Ct.TV

cortical tissue volume, Ct.BV cortical bone volume, CrN/BA crack number on bone area, CrS/BS crack

surface on bone surface, Ult. Force ultimate force, Elastic E elastic energy

Data represent means and SEM; **** p\ 0.0001 versus Veh, $$$$ p\ 0.0001 versus RANKL

Fig. 2 Effects of RANKL and OPG-Fc treatment in non-fatigued

tibia on bone fracture location and pattern. a, b 1 day after fatigue. c,
d 28 days after fatigue. £p\ 0.05 between treatment groups

102 N. Bonnet et al.: Influence of Fatigue Loading and Bone Turnover on Bone Strength…

123



labeling was observed in fatigued tibia (Fig. 5i). OPG-Fc

abolishes approximatively all the intra-cortical labeling,

whereas RANKL exacerbates it (Fig. 5i). Unfortunately,

we were not able to quantify these effects. Whole tibia

strength was impacted both by turnover rate and fatigue

loading (Fig. 5j–l).

Interaction Between Bone Turnover and Fatigue

Loading on Bone Strength and Fracture Pattern

Contrasting with early post-fatigue results (above), after

28 days, fatigued tibiae from the Veh group exhibited

testing-induced fractures that were more proximal (Dmean

Table 2 Effect of 30 days of

RANKL and OPG-Fc on bone

parameters linked to bone

strength in non-fatigued bone

Parameters Vehicle OPG-Fc RANKL

Bone resorption Serum TRACP5b (U/L) 3.1 ± 0.1 0.4 ± 0.2****,$$$$ 5.1 ± 0.2****

Whole tibia aBMD (mg/cm2) 54.5 ± 0.7 58.2 ± 0.8****,$$$$ 45.2 ± 0.5****

1/3 Proximal aBMD (mg/cm2) 56.1 ± 0.9 62.9 ± 0.9****$$$$ 44.9 ± 0.5****

1/3 Midshaft aBMD (mg/cm2) 47.6 ± 0.9 49.2 ± 1.1**,$$$$ 39.4 ± 0.6

Proximal BV/TV (%) 12.4 ± 1.1 16.8 ± 0.8***,$$$$ 1.5 ± 0.2****

Tb.N (1/lm) 4.4 ± 0.1 4.8 ± 0.1**,$$$$ 1.4 ± 0.1****

Tb.Th (lm) 52.0 ± 1.1 57.3 ± 1.1** 63.5 ± 2.8**

Tb.Sp (lm) 222 ± 7 200 ± 5**,$$$$ 776 ± 47****

Midshaft Ct.TV (mm) 0.81 ± 0.02 0.86 ± 0.03 0.81 ± 0.01

Ct.BV (mm) 0.45 ± 0.01 0.52 ± 0.02*,$$$$ 0.36 ± 0.01****

CrN/BA (1/mm2) 89.7 ± 2.7 56.4 ± 4.9**,$$$$ 169.9 ± 6.6****

CrS/BS (%) 8.1 ± 0.4 5.3 ± 0.6*,$$$$ 13.4 ± 1.2***

Proximal Modulus (gPa) 14.3 ± 0.8 15.6 ± 0.5 12.9 ± 0.9

Hardness (mPa) 442.1 ± 23.3 494.5 ± 28.8$ 380.5 ± 34.2

Bone strength Ult. Force (N) 29.6 ± 0.6 33.1 ± 0.9*,$$$ 24.3 ± 1.3**

Stiffness (N/mm) 45.1 ± 2.2 46.0 ± 5.1 35.2 ± 1.6

Elastic E (N.mm) 11.9 ± 1.0 15.4 ± 2.1$ 9.7 ± 1.2

TRACP5b tartrate-resistant alkaline phosphatase form 5b, aBMD areal bone mineral density, BV/TV bone

volume fraction, Tb.N trabecular number, Tb.Th trabecular thickness, Tb.Sp trabecular separation, Ct.TV

cortical tissue volume, Ct.BV cortical bone volume, CrN/BA crack number on bone area, CrS/BS crack

surface on bone surface, Ult. Force ultimate force, Elastic E elastic energy

Data represent means and SEM; ** p\ 0.01, *** p\ 0.001, **** p\ 0.0001 versus vehicle; $$ p\ 0.01,
$$$ p\ 0.001, $$$$ p\ 0.0001 versus RANKL

Fig. 3 Effects of RANKL and OPG-Fc treatment on trabecular

(a) and cortical (b) microarchitecture, cracks density (c), bone

fracture location (d), and pattern (e) 1 day after fatigue. *p\ 0.05

versus non-fatigued tibia; $p\ 0.05 between treatment groups in

fatigued tibia. £p\ 0.05, between treatment groups in non-fatigued

tibia.White bars non-fatigued tibia; black bars fatigued tibia. Fracture

pattern (Ddelta, see Fig. 1 for clarification), bone fracture location

(Dmean, see Fig. 1 for clarification), bone volume fraction (BV/TV),

cortical bone volume (Ct.BV), cracks density (Cr. Density)
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-43 %, p\ 0.05) and oblique (Ddelta ?376 %, p\ 0.05)

compared to non-fatigued Veh control tibiae (Fig. 6a–d).

In the OPG-Fc group, Dmean and Ddelta did not differ

between fatigued and non-fatigued tibia, with fractures in

both states occurring more distally and more transversely

vs corresponding samples from Veh controls. Similar to

their non-fatigued tibia, fatigued tibia from RANKL ani-

mals fractured more proximally (Dmean -31.9 %,

p\ 0.05) compared to the fatigued Veh (Fig. 6a–d).

Hierarchical Determinants of Fracture Morphology

and Bone Strength

To determine which measured parameters contributed to

whole tibia strength parameters, correlations were per-

formed across all groups and time points. Whole-bone

aBMD and microarchitecture parameters were positively

associated with ultimate force, stiffness and elastic energy

(p\ 0.01), whereas CrN/BA was negatively associated

with all those bone mechanical parameters (p\ 0.001)

(Table 3). Both modulus and hardness were positively

correlated with ultimate force (p\ 0.05).

Linear regression analyses indicated that 22 % of the

variance in Dmean could be explained by whole tibia

aBMD, 20 % by crack density, and 23 % by intrinsic

modulus. Among bone microarchitecture parameters, the

shift in fracture location was better correlated with bone

volume fraction (BV/TV, b = 0.39, p\ 0.001) than with

cortical bone volume (CtBV, b = 0.29, p\ 0.01)

(Table 1). Pattern of the fracture (Ddelta) was significantly

and negatively associated with aBMD (b = -0.20,

p\ 0.05), with higher aBMD predicting a more transverse

fracture line.

Discussion

The main objective of our study was to clarify determinants

of bone strength and fracture location in the context of

RANKL or OPG-Fc treatment and fatigue loading. Three

levels of bone remodeling were tested, high (RANKL), low

(OPG-Fc), or normal (vehicle) during a very brief and a

longer post-fatigue recovery period. As expected, BMD

and microarchitecture have strong positive associations

with bone strength, while crack density exhibited weaker

negative associations. Interestingly, low bone remodeling

induced by OPG on the background of fatigue damage was

associated with weak but significant changes in the pattern

of experimental fractures, which required a greater force to

occur but were more transverse and more distally located

toward the diaphysis.

As expected, 30 days of OPG-Fc and RANKL treat-

ments increased and decreased bone mass and structure,

respectively. Our study indicates that either 3 or 30 days of

OPG-Fc pre or post-fatigue did not change the material

properties evaluated by nanoindentation. Such data may be

relevant due to interest in the effects of OPG-Fc or deno-

sumab treatment on material-level strength parameters,

triggered in part by evidence that RANKL inhibitors can

cause greater reductions in bone resorption vs bisphos-

phonates. However, we provide novel evidence that

RANKL reduced material properties, specifically elastic

modulus, presumably through high remodeling the sub-

stantial deposition of new bone tissues did not have enough

time to mature, reducing the average tissue hardness, as

shown with high injection of PTH [32].

In accordance with other supra-physiological loading

models [33–35], neither OPG-Fc nor RANKL impaired the

bone modeling-based formation response to fatigue, with

callus formation observed in both the low and high state of

bone remodeling. Moreover, as reported in bone repair

models, we observed a larger callus volume after RANKL

inhibition, probably due to the inhibition of the callus

remodeling process [21, 36]. This consistent finding, which

was also seen with bisphosphonates [19], may have clinical

implications for the subset of atypical femur fractures

(AFFs) that exhibit periosteal ‘‘beaking’’ a feature thought

to represent a callus response to stress fracture [20]. Based

on data from complete fracture models [19] and the current

fatigue damage model, a periosteal callus in response to

stress-related bone damage may become more apparent

radiographically as a result of antiresorptive therapy. In the

current model, the larger callus in OPG-Fc animals may

have conferred improved biomechanical stability.

Fig. 4 Effects of RANKL and OPG-Fc treatment on nanoindentation

parameters 1 and 28 days after fatigue. a, b 1 day after fatigue; c,
d 28 days after fatigue. $p\ 0.05 between treatment groups in

fatigued tibia.White bars non-fatigued tibia; black bars fatigued tibia.
£p\ 0.05, between treatment groups in non-fatigued tibia
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Microcracks have been proposed as a possible etiolog-

ical factor in AFFs [20]. In the current model, fatigue

loading created an expected increase in microcracks [30,

37], and osteoclast inhibition by OPG-Fc did not further

increase crack density early after fatigue compared to

vehicle. Crack density was actually decreased in the OPG-

Fc group at 28 days post loading. We hypothesize that

reduced cracks with OPG-Fc was due to the increase in

bone volume and improved strength and stiffness that may

have reduced strain that would otherwise induce further

cracks. In contrast, osteoclast activation via 30 days of

RANKL was shown to promote structural weakness (de-

creased ultimate force, stiffness, and energy to fracture),

and these changes were associated with increases in crack

density in both fatigued and non-fatigued tibia. Correlation

analysis showed that bone density/structure/material prop-

erties positively impacted strength while cracks had a

negative effect, with bone mineral density being the

dominant determinant of strength compared to bone

structure, material properties, or cracks. In contrast, frac-

ture location was predicted equally by aBMD, crack den-

sity and intrinsic modulus, which each predicted

approximately 22 % of the variation.

For these studies, destructive axial compression testing

was chosen to allow the tibia to yield at its weakest loca-

tion and in its weakest configuration, which yielded a

variety of fracture locations and patterns that clearly dif-

fered between Veh, OPG-Fc, and RANKL groups. More-

over, it reveals the specific damage and adaptations

resulting from the axially applied fatigue loading stimulus

compared to the relative 3 point bending or torsional tests

[31, 38]. When the fatigue stimulus was applied after

remodeling had been altered but prior to major changes in

bone mass and structure (i.e., at Day 1), differences in the

location or pattern of fractures between treatment groups

were not observed. However, by Day 28, altered remod-

eling via OPG-Fc or RANKL had significantly impacted

bone mass, microstructure, cracks, and material properties,

and these changes were accompanied by significant

bFig. 5 Effects of RANKL and OPG-Fc treatment in response to

fatigue on bone mass, microarchitecture, callus, cracks density, bone

formation index and strength 28 days after fatigue. a 1/3 proximal

bone mineral density of the tibia (BMD), b trabecular microstructure,

c cortical microstructure, d callus bone volume (BV), e Representative
2D and 3D reconstructions of callus tibia located in the region of

interest of the trabecular analysis (i.e., 50 slices under the proximal

growth plate) by microCT, f cracks density, g, h bone formation rates

at the endocortical and periosteum surfaces, i Endo and intra-cortical

remodeling indicated by calcein labeling under RANKL and in

response to fatigue (arrow indicate intense labeling), j–l) ultimate

force, stiffness, and elastic energy after ex vivo axial compression,

White bars non-fatigued tibia; black bars fatigued tibia. *p\ 0.05

versus non-fatigued tibia; $p\ 0.05, $$p\ 0.01, $$$p\ 0.001

between treatment groups in fatigued tibia. £p\ 0.05, ££p\ 0.01,
£££p\ 0.001 between treatment groups in non-fatigued tibia. Bone

volume fraction (BV/TV), cortical bone volume (Ct.BV), cracks

density (Cr. Density), endocortical (Ec) and periosteal surfaces (Ps),

bone formation rates on bone perimeters (BFR/BPm)

Fig. 6 Effects of RANKL and OPG-Fc treatment in response to

fatigue on fracture location and pattern 28 days after fatigue. White

bars non-fatigued tibia; black bars fatigued tibia. a bone fracture

location (Dmean), b Photographs showing the location and pattern of

fracture, asterisks represent the location of the fraction line; c fracture

pattern (Ddelta); d Representative 3D reconstructions tibia by

microCT. $p\ 0.05, $$p\ 0.01, $$$p\ 0.001 between treatment

groups in fatigued tibia. £p\ 0.05, £££p\ 0.001 between treatment

groups in non-fatigued tibia

106 N. Bonnet et al.: Influence of Fatigue Loading and Bone Turnover on Bone Strength…

123



differences in both the morphology and location of

experimental fractures. After OPG-Fc treatment, fractures

produced by axial testing exhibited a more diaphyseal

location and a more transverse pattern. This morphology of

long bone fracture has been described with low-trauma

AFFs in patients on antiresorptive therapies, including

bisphosphonates and denosumab. Interestingly, other case

reports of atypical fracture in bisphosphonate-treated

patients have been described at the tibia, another important

weight-bearing bone [39–41]. In contrast, there have been

no case reports of atypical fracture at the forearm, a non-

fatigued, non-weight-bearing site. These findings argue for

an important role of the interaction between fatigue and

low bone remodeling to shift pattern and localization of the

fracture. An overall theory to account for the current

fracture morphology findings is that OPG-Fc strengthened

while RANKL weakened inherently vulnerable tibial sites,

which governed the ultimate location and pattern of

experimental fractures. In support of this theory, RANKL

promoted a fracture morphology in non-fatigued bones that

was reminiscent of that associated with fatigue damage in

Veh controls. Conversely, greater callus volume in the

fatigued bones from OPG-Fc groups may have fortified this

region of focal damage to the point that it became stronger

than undamaged distal sites, leading the latter to fail during

testing, similar to previous bone healing findings with

denosumab [42].

While this study has certain features that may be relevant

to AFF pathophysiology, there are also some design features

that may limit the model’s generalizability and clinical rel-

evance. Central among these is that while AFFs typically

occur with minimal or no trauma [20], the experimental

fractures examined in the current study were created by

overwhelming ex vivo biomechanical forces and were thus

traumatic rather than fragility fractures. Factors leading to

AFFs are poorly understood, andmay include stress fractures

and/or crack propagation prior to complete structural failure.

In that regard, a possible limitation of the currentmodel is the

robustness of callus formation in these young mice, which

made complete healing somewhat inevitable, which may

contrast with the AFF scenario seen in geriatric patients. In

conclusion, the current data indicate that RANKL inhibitors

can increase overall structural strength of a fatigue-damaged

bone while inducing a shift in fracture features toward more

diaphyseal and transverse patterns.
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