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Abstract

Osteogenesis imperfecta (OI) is a heritable bone dysplasia characterized by increased skeletal

fragility. Patients are often treated with bisphosphonates to attempt to reduce fracture risk.

However, bisphosphonates reside in the skeleton for many years and long-term administration

may impact bone material quality. Acutely, there is concern about risk of non-union of fractures

that occur near the time of bisphosphonate administration. This study investigated the effect of

alendronate, a potent aminobisphosphonate, on fracture healing. Using the Brtl/+ murine model of

type IV OI, tibial fractures were generated in 8-week-old mice that were untreated, treated with

alendronate before fracture, or treated before and after fracture. After 2, 3, or 5 weeks of healing,

tibiae were assessed using microcomputed tomography (μCT), torsion testing, quantitative

histomorphometry, and Raman microspectroscopy. There were no morphologic, biomechanical or

histomorphometric differences in callus between untreated mice and mice that received

alendronate before fracture. Alendronate treatment before fracture did not cause a significant

increase in cartilage retention in fracture callus. Both Brtl/+ and WT mice that received

alendronate before and after fracture had increases in the callus volume, bone volume fraction and

torque at failure after 5 weeks of healing. Raman microspectroscopy results did not show any

effects of alendronate in wild-type mice, but calluses from Brtl/+ mice treated with alendronate

during healing had a decreased mineral-to-matrix ratio, decreased crystallinity and an increased
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carbonate-to-phosphate ratio. Treatment with alendronate altered the dynamics of healing by

preventing callus volume decreases later in the healing process. Fracture healing in Brtl/+

untreated animals was not significantly different from animals in which alendronate was halted at

the time of fracture.
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Introduction

Osteogenesis imperfecta (OI) is a genetic bone dysplasia that results in increased

susceptibility to fractures during childhood and adolescence. The majority of mutations that

cause OI are dominant defects in the genes encoding type I collagen [1], although recessive

inheritance has been described [2,3]. In most forms, these mutations cause a decrease in the

amount of collagen or produce structurally abnormal type I collagen molecules and result in

skeletal fragility. Most OI patients heal fractures normally [4], although there are reports of

hypertrophic callus formation and delayed healing in some OI patients [5-7].

Bisphosphonates are antiresorptive medications used to treat OI patients in an effort to

reduce fracture rates. These medications have been shown to be effective in reducing

compression fractures in the spine [8]. A histomorphometric study of biopsies from OI

patients showed increased bone formation and resorption parameters, suggesting the utility

of bisphosphonate therapy in OI to control excessive bone turnover [9]. Osteoblasts and

osteoclasts are both affected by bisphosphonates [10]. Bisphosphonates have a high affinity

for bone mineral, and in an early assessment of alendronate, were calculated to have a half-

life of over 10 years [11]. Bisphosphonate retention depends on the mechanism of delivery

[12] and the rate of bone turnover. In pediatric patients, pamidronate has been detected in

urine up to 8 years after cessation of treatment [13]. Furthermore, prolonged bisphosphonate

treatment may play a role in abnormal bone modeling [14], radiographic metaphyseal

sclerosis, osteonecrosis of the jaw, and possible accumulation of microdamage. These

concerns have led to caution in bisphosphonate treatment in growing OI patients [15].

A number of clinical fracture studies with bisphosphonates have investigated the risk that

disruption of underlying cellular activity with these antiresorptive agents might interfere

with the normal fracture healing process. One randomized, double-blind, placebo-controlled

trial with zoledronic acid following hip fracture did not show an increased risk for delayed

union [16]. Similarly, in pediatric OI patients, bisphosphonate treatment is not usually

associated with altered fracture healing, although intravenous pamidronate may lead to

delayed osteotomy healing [17,18]. Bisphosphonate treatment is often withheld during

healing following osteotomy procedures[8,19-22].

Animal studies using bisphosphonates such as alendronate, zoledronic acid, incandronate

and pamidronate generally indicate an increase in callus size and structural biomechanical

changes[23-30]. The biomechanical properties of the callus compared to intact bone have

been shown to be similar or even improved [23,31]. With these differences in callus
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mechanical properties and with concerns about impaired remodeling in the fracture healing

process, fracture healing in growing OI bone in the presence of bisphosphonates was

investigated.

We report here the results of a controlled fracture healing experiment with alendronate

treatment using the Brtl/+ mouse model of OI. This knock-in model contains a glycine

substitution mutation, models the small size and skeletal fragility that are clinical hallmarks

of OI, and responds to alendronate therapy in a similar fashion to clinical patients [32-35].

Treatment groups were halted at the time of fracture or continued during healing to

investigate the most common clinical options. The dynamic callus process was examined at

four timepoints during healing. The primary goals were to investigate fracture healing in the

Brtl/+ mouse and the impact of alendronate on regenerating tissue.

Materials and methods

Study design

All experiments were performed with IACUC approval. Male Brtl/+ mice, the progeny of

Brtl/Brtl and WT parents, and male WT mice were enrolled at 2 weeks of age. For

convenience of genotyping, Brtl/Brtl mice were bred with WT mice to produce Brtl+/−

mice. This breeding scheme utilizes mice whose parents have distinct bone properties

compared to Brtl+/− mice, which may be due to transmissible recessive effects such as gene

methylation (Marini, unpublished data). The Brtl+/− mice are compared to nonlittermate

WT mice generated by backcrosses in same colony. The following scheme was applied to

114 Brtl/+ mice and 133 wild type mice: the mice were randomly assigned to one of 12

experimental groups based on two variables (Fig. 1): treatment (no alendronate, alendronate

before the fracture, or alendronate before and after fracture) and time of healing after

fracture (1, 2, 3, 5 weeks). These time points were selected to capture the phases of fracture

repair that include initial callus formation, bone formation, callus bridging, and early

remodeling. All mice were weighed weekly; treated mice received alendronate 0.219 μg/g/

week via subcutaneous injection (Sigma Aldrich, St. Louis, MO, USA) [35]. At 8 weeks of

age, a non-locked intramedullary pin was placed in an antegrade manner in one randomly

selected tibia and a fracture was generated with a guillotine drop weight method in the mid-

tibia [36]. The fracture pattern was categorized on post-operative radiographs as simple,

wedge, or comminuted according to the classification system of the Orthopaedic Trauma

Association [37]. After the period of healing, euthanasia was performed and intact and

fractured tibiae were dissected and prepared for analysis.

Microcomputed tomography

All specimens underwent μCT analysis. Tibiae were scanned using a commercially available

μCT system (eXplore Locus SP, GE Healthcare Preclinical Imaging) [38] using a source

voltage of 80 kVp, a source current of 80 μA, 2 × 2 detector binning and an exposure time of

1600 ms. The raw data were corrected with bright and dark pixel corrections and a sinogram

based filter, and were reconstructed using a Feldkamp cone beam backprojection algorithm

to obtain images with an 18 μm isotropic voxel size. The callus volume, bone volume

fraction (BVF) and tissue mineral density (TMD) of bone in the callus and residual cortical
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bone were measured (MicroView 2.2, GE Healthcare Preclinical Imaging) [36]. Briefly, a

spline based semi-automatic segmentation was used to define the outer callus boundary. A

second spline based segmentation in combination with a threshold-confined region growing

procedure was used to select the cortical bone. A Boolean operation was then performed on

these two segmentations to create a region which only included bone in the callus. This

region also included the intramedullary space because healing bone was present in the

marrow cavity as well.

Biomechanical testing

A randomly assigned subset of the fractured tibiae and contralateral intact controls was

tested in torsion [36]. Whole bone specimens were potted using low melting temperature

solder, mounted in a custom torsion tester interfaced with LabView, wetted with saline, and

tested in external rotation at 0.5°/s until failure. Using a MATLAB script, raw data were

filtered and stiffness, angular displacement at failure, torque at failure, and energy to failure

were measured.

Quantitative histology

Fractured tibiae were fixed, decalcified, embedded in paraffin, and sectioned at 7 μm. The

slides were stained using (1) Safranin-O, Fast Green and Hematoxylin to assess cartilage, (2)

tartrate-resistant acid phosphatase (387A, Sigma Aldrich, St. Louis, MO, USA) to assess

osteoclasts or (3) picrosirius red for subsequent collagen analyses.

To analyze the Safranin-O stained slides, a custom ImageJ macro based on a color

deconvolution technique was used to separate the Safranin-O component from the Fast

Green and Hematoxylin components [39]. This macro was implemented to assess both the

amount of cartilage within the callus tissue and the trabeculated bone of the callus [40].

TRAP analyses were performed on fractured tibiae from mice that healed for 5 weeks.

Osteoclast number per bone surface (OcN/BS) and osteoclast surface per bone surface

(OcS/BS) were measured on the periosteal surface of both the anterior and posterior callus

using commercially available software (BioQuant, Nashville, TN, USA).

To analyze picrosirius red stained slides, a polarized light method was implemented based

on previously published techniques [41,42]. Briefly, a rotating stage was placed on a

standard light microscope (Olympus BX-51). A linear polarizer was placed between the

light source and stage and was crossed with a linearly oriented analyzer between the

objective and camera. The section was placed on the stage, defining 0° to align with the

longitudinal axis of the bone. The stage was then rotated in increments of 5 or 10° and

images were captured at each stage rotation. These images were then imported into

MATLAB and, using a custom script combined with the ImageJ TurboReg plugin, the

images for each orientation were registered. This facilitated analysis of the polarized light

images on a pixel by pixel basis. These images were segmented and thresholded to analyze

the trabeculated bone of the callus separately from the residual cortical bone. The

parallelism index (PI), a measure of collagen alignment [41], was calculated for residual

cortical bone and the trabeculated bone of the healing callus. A high PI indicates the

collagen fibrils are organized in a parallel manner, whereas unorganized fibrils have a low
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PI. PI is the (maximum intensity − minimum intensity)/(maximum intensity + minimum

intensity). Polarized light analysis was performed for untreated mice after 5 weeks of

healing.

Raman microspectroscopy

Raman spectra were acquired on a custom microprobe system, described previously [43]

functioning in the near-IR (785-nm excitation) with a 20 × 0.75NA objective. Whole

harvested isolated tibiae were thawed, placed in a Petri dish, and kept moist with PBS. Ten

spectra were acquired from the central portion of the callus or tibial mid-diaphysis for

contralateral intact control limbs.

Spectra were normalized to the height of the phenylalanine ring (~1002 cm−1). Four separate

outcome measurements were made. Crystallinity (or crystal size and perfection) was

measured as the inverse full width at half height of the 960 cm−1 peak [44]. The carbonate-

to-phosphate ratio was calculated as the ratio of band areas for the 1070 cm−1 to 960 cm−1

peak [45]. The cross-linking ratio was calculated in the Amide I band by applying a five-

peak fit (1630, 1645, 1660, 1675 and 1690 cm−1) and measuring the ratio of the area under

the 1660 band to the area under the 1690 band[45-47]. This metric, extended from on FTIR

based techniques [47], has been utilized to estimate the degree of collagen cross-

linking[45,46]. However, the method is not validated.

Mineral-to-matrix ratios were estimated using three different metrics. These were the area of

the 960 cm−1 band relative to the peak areas representing hydroxyproline and proline (851,

873 and 917 cm−1) [48], the height of the 960 cm−1 peak relative to the height of the CH2

wag peak (1445 cm−1) [45], and the area of the 960 cm−1 peak relative to the area under the

Amide I band [46]. When peak fitting was required, a custom MATLAB script was

implemented using the Levenberg–Marquardt method of curve fitting using mixed

Gaussian–Lorentzian functions.

To determine whether spectroscopic measurements at the periosteal surface were

representative, a subset of tibiae from untreated mice (n = 4 Brtl/+, n = 5 WT) was sectioned

longitudinally for Raman mapping of the cross section at the mid-diaphysis. Tibiae were

kept fresh-frozen (not embedded or fixed) while glued to a microscope slide for support and

hand polished using fine polishing paper (1200–3000 grit). The polished cortical bone

surface was sufficiently flat and smooth for imaging under 20× magnification. Spectra

nearest the surface (15 μm from the edge) were classified as surface measurements. A

histogram of the surface spectra was compared with a histogram of the spectra through the

cross section.

Statistical analysis

Results of the torsion biomechanical testing and μCT analysis were examined using analysis

of covariance (ANCOVA) models to assess changes in the three main effects (genotype,

alendronate treatment protocol, and duration of healing) and their interactions using weight,

fracture complexity, and gage length as covariates. Post-hoc comparisons were only applied

to main effects controlling for covariates gage length and weight (Supplementary Table 1).

The sample sizes for each group ranged from 4 to 18 (Supplementary Tables 2-4).
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A full factorial 2-way analysis of variance (ANOVA) was used to test for differences

between treatments and genotypes for the TRAP slides, Safranin-O/Fast Green slides, and

the picrosirius red slides. The difference between the polarized light metrics for cortical

bone between the Brtl/+ and WT mice were compared using a t-test to assess collagen

orientation.

Raman microspectroscopy data were analyzed using a two-step approach. First, the

intraclass correlation coefficient was calculated to determine the variance between samples

(n = 6–7 per group) compared to the variance of the 10 spectra within each bone. These

results indicated correlations that were reasonable (ranging from 0.514 to 0.759) for all

variables except the cross-linking ratio, so these 10 measurements were averaged to obtain

one measurement per metric for each specimen. Second, a 2-way ANOVA was applied to

the aggregated data for each limb and each variable to look for changes between the

genotypes and alendronate treatment. Post-hoc tests using a Bonferroni correction looked for

significant pairwise differences.

Results

Study design and animal model

In this analysis, 67% had simple fractures, 12% had wedge fractures, 18% had comminuted

fractures, and 3% could not be assigned radiographically. Fracture complexity did not differ

between the Brtl/+ and WT mice. Brtl/+ mice weighed less than their WT counterparts and,

consistent with previous data [35], the weight gain was not affected by alendronate

treatment.

Microcomputed tomography

247 mice underwent μCT analysis with 12 to 18 mice per group (Supplementary Table 2).

Review of μCT images of intact tibiae from mice with one week of healing showed bands of

mineralized cartilage in mice that received alendronate, but in the fractured tibiae at one

week there was not enough mineral to detect the callus boundary. Fractured tibiae from mice

that healed for 2, 3 and 5 weeks had sufficient mineral to detect the callus boundary and

were scanned by μCT. ANOVA analyses did not indicate any significant 3-way interactions

between the duration of healing, alendronate protocol and genotype (results not shown).

There were no measureable differences between treatment groups in the callus volume, bone

volume fraction, or tissue mineral density of bone in the callus after 2 weeks of healing

when genotypes were pooled (Fig. 2). Mice treated with alendronate throughout fracture

repair had an increased callus BVF compared to untreated or alendronate until fracture

groups at 3 weeks (Fig. 2B) and increased callus volume and BVF at 5 weeks of healing

(Figs. 2A, B). These changes in callus morphology and volume fraction were subjectively

noticeable when viewing the μCT images of fracture calluses after 5 weeks of healing (Fig.

3A). Neither the genotype nor alendronate treatment protocols affected callus

mineralization. In pooled data, TMD increased in callus bone from 2 weeks to 3 weeks, and

again from 3 weeks to 5 weeks (Fig. 2C), although even after 5 weeks the trabecular mineral

density was still far less than the residual cortical bone.
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Biomechanical testing

136 mice underwent biomechanical testing with 4–12 final specimens per group. Numbers

differed because some of the samples were lost in the groups at different steps during the

experiment. Fractured tibiae from mice that healed for 2, 3, and 5 weeks were tested

biomechanically. The angular displacement to failure decreased from 2 to 3 weeks of

healing. Additionally, the stiffness, energy to failure, and torque to failure increased from 2

to 3 weeks (data not shown) and again from 3 to 5 weeks (Fig. 4).

After 2 weeks of healing there were no changes in angular displacement at failure in animals

treated with alendronate during healing compared to the other treatment groups (p = 0.076;

data not shown). After 3 weeks in WT but not Brtl/+ mice with continued alendronate

treatment, there was a decrease in stiffness in comparison to untreated (Fig. 4A). Untreated

Brtl/+ mice had decreased callus stiffness compared to all treatment groups of WT mice, but

no effect of treatment was found (Fig. 4A). After 3 weeks, the combined Brtl/+ treatment

groups but not WT had decreased energy to failure and ultimate torque (Figs. 4B, C). After 5

weeks of healing, fracture calluses from WT but not Brtl/+ mice that received continued

alendronate treatment showed increased stiffness compared to untreated (Fig. 4D). When the

genotypes were pooled for analysis after 5 weeks, treatment during healing was associated

with increased torque at failure (Figs. 4E, F).

Intact tibiae demonstrated differences with respect to treatment protocol. Animals that

received 3 weeks of alendronate injections displayed an increased torque at failure compared

to halted or untreated animals. When the effects of time and alendronate treatment were

pooled, Brtl/+ tibiae showed reductions in stiffness, angular displacement to failure, torque

at failure and energy to failure compared to WT. After 5 weeks, there was no statistically

significant change in energy to failure between the fractured and intact tibiae of WT mice

but the fractured tibiae of Brtl/+ mice had a significant increase compared to the

contralateral intact tibiae (Fig. 5), suggesting that callus is stronger than bone in Brtl/+ mice

but not in WT.

Quantitative histology

111 mice underwent histologic evaluation. Safranin-O/Fast Green stained sections revealed

cartilage in the callus through 2 weeks of healing, but none by 3 weeks. Neither the

genotype nor the alendronate treatment protocol had an impact on the amount of cartilage

present in the callus. There was also no detectable change in the percentage of cartilage that

contained trabeculated woven bone after alendronate treatment.

To better understand the increased energy to failure in the fracture callus compared to intact

tibiae in Brtl/+ mice after 5 weeks of healing, polarized light analysis was used to study

collagen structure. Comparison of mean intensity versus stage angle indicated that collagen

was oriented differently in callus and the residual cortical bone in both genotypes, implying

that bone in the callus is more woven in nature. The parallelism index (PI) for callus bone

was significantly lower than for residual cortical bone, verifying the woven nature of this

mineralized tissue (Fig. 6).
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The μCT data indicated an effect of alendronate treatment on callus volume after 5 weeks of

healing with continued alendronate. However, TRAP analysis performed at the periosteal

callus boundary of animals that healed for 5 weeks did not indicate an effect of genotype or

alendronate treatment on the osteoclast surface per bone surface or in the number of

osteoclasts by 2-way ANOVA.

Raman microspectroscopy

Raman microspectroscopy was performed on the fracture calluses and the contralateral

intact tibiae from mice that healed for 3 weeks. Within a genotype, the alendronate treatment

protocol did not affect the crystallinity, mineral-to-matrix ratio or carbonate-to-phosphate

ratio (Fig. 7A). There were no changes in cross-linking ratio with treatment or between

genotypes (data not shown). When no alendronate was administered, mineral in both the

intact and fractured tibiae of Brtl/+ mice had decreased crystallinity compared to WT, and

the fractured tibiae had an increased carbonate-to-phosphate ratio (Fig. 7A). When

alendronate treatment was continued during healing, fractured tibiae from Brtl/+ mice had a

decreased mineral-to-matrix ratio, and the mineral had a decreased crystallinity and an

increased carbonate-to-phosphate ratio (Fig. 7A). Scatterplots revealed a positive correlation

between crystallinity and the mineral-to-matrix ratio (Fig. 7B) and a similar negative

correlation between the crystallinity and the carbonate-to-phosphate ratio. Spectra were

obtained through the cross section to ensure that these results were not biased by restricting

measurements to the periosteal surface. Measurements for all samples were combined

together in histograms for spectra taken at the surface which appear to be a reasonable

sampling of spectra taken through the cortical thickness (Fig. 7C).

Discussion

Patients with OI are treated with bisphosphonates to attempt to decrease fracture risk. If a

fracture does occur in a patient on bisphosphonate therapy, questions have been raised about

the theoretical risk of non-union or delay in fracture healing. This study used the Brtl/+

knock-in mouse model of OI to address the question of early fracture healing in the context

of bisphosphonate therapy. Continued alendronate treatment throughout healing prevented

the normal remodeling of the callus between 3 and 5 weeks. The resulting larger callus and

increased bone volume fraction may account for the observed increase in torque at failure in

the continued therapy group compared to the group for which therapy was halted at the time

of fracture. Similar findings have been observed when bisphosphonate was given during

fracture repair in other animal models [24-28,30].

When alendronate treatment was halted at fracture, very subtle alterations in healing were

observed compared to untreated groups. This corroborates previous studies that indicate

halting bisphosphonate treatment at the time of fracture did not result in a change in callus

size or structural biomechanical properties [24,31]. In these studies, there were no

differences in bisphosphonate concentration between the callus and cortical bone [24]

suggesting that no additional bisphosphonate was incorporated into the callus during fracture

repair following treatment cessation. However, when bisphosphonates were given during

fracture repair, drug concentration was shown to localize highly within the callus through
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radiologic and fluorescent imaging modalities[24,49]. In the present study, as in previously

published results [35], there were noticeable bands of mineralized cartilage in the

metaphyses of mice that received alendronate (Fig. 3B). These bands correlate with the

number, frequency, and spacing of drug cycles [50], and coincide with regions of high local

bisphosphonate concentration [51].

To monitor osteoclast dynamics during fracture healing, TRAP staining was performed after

5 weeks of tissue repair. While previous data show an inherent increase in osteoclast number

in untreated Brtl/+ compared to WT [34], no differences in the number of osteoclasts or in

the osteoclast surface per bone surface were observed between the genotypes or the

treatment groups in the present study. Fracture healing is a dynamic process, and others have

noted distinct increases [30], decreases [24,25] and no change [27] in osteoclast number or

surface with bisphosphonate therapy during fracture repair. These changes likely differ

based on animal model, fracture technique, and time of observation following injury. While

these disparities make a true interpretation difficult, it seems plausible that the fracture

healing dynamics after 5 weeks of healing in this study supersede any potential treatment

and genotype effects. Alternatively, since we studied only the periosteal callus surface,

treatment and genotype effects may be more pronounced on the interior of the callus.

To investigate this question in more depth, transient changes during healing were assessed.

The energy to failure in fracture calluses from untreated Brtl/+ mice was significantly

increased in comparison to the contralateral intact tibia after 5 weeks of healing. This can

partially be attributed to the callus being larger than the intact tibia. In addition, we

investigated collagen orientation in fracture callus and residual cortical bone using polarized

light studies of untreated Brtl/+ mice. Similar to previously published studies [52], bone in

the callus was less organized and more woven than cortical bone (Fig. 5). The magnitude of

this change in collagen orientation is far greater than any subtle difference between

genotypes and, therefore, may govern the biomechanics during healing. However, fractured

bones in oim/oim mice did not have increased structural properties in comparison to the

contralateral intact bones [53], so this result may be specific to bone with heterotrimeric

collagen.

Other transient changes were also investigated during healing. Between 2 and 3 weeks of

healing, the stiffness of the callus increased and the angular displacement to failure

decreased. This is consistent with the transition from cartilage at the callus center to a

bridged bony callus that was seen histologically. Therefore, 3 weeks was the earliest healing

timepoint when the calluses were bridged and carti-lage was removed.

Raman microspectroscopy was performed to investigate changes at this 3-week timepoint

that may underlie the morphologic and functional changes seen after 5 weeks of healing.

The Raman analysis did not indicate any effect of alendronate treatment at the peripheral

callus boundary and the periosteal surface of the intact bone. The mice were euthanized 1

week after the last alendronate injection so, if there are spatial dependencies based on the

presence of alendronate in circulation during bone formation, these surfaces may not have

detected it. Comparison of the Raman results between the genotypes supports this

possibility. The crystallinity differences seem to correlate to a change in mineral-to-matrix
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ratio, possibly implying that crystallinity changes with localized mineral deposition. There

were no detectable changes in cross-linking, although this is the most difficult metric to

assess due to the high variation of measurements within a bone. Although this method lacks

validation, reported correlations between IR and Raman spectroscopy are R2 in the 0.8–0.85

range largely because the Raman data are generally noisier than IR data [54].

This study has several limitations. First, the breeding scheme (Brtl/Brtl × WT) which was

chosen to minimize genotyping of pups and Brtl/+ lethality [32] may have resulted in

transmission of recessive traits at noncollagenous loci. The persistence in our Brtl/+ pups of

decreased weight and bone density as well as femoral biomechanical traits suggest that the

mating scheme did not significantly interfere with interpretation of the data. Second, the

control mice did not receive saline injections. However, they were handled weekly for

weighing, which did cause mild stress which is roughly comparable to the simple

subcutaneous injections received by treated mice. Third, the ANCOVA statistical analysis

used weight as a proxy for bone size when analyzing biomechanical data; this allowed

simultaneous analysis of the fractured and intact tibiae, but the assumption may have

introduced error into the biomechanical analysis. Last, although four timepoints were

analyzed to encompass the range of ossification and early remodeling in fracture healing

dynamics, late remodeling dynamics were not directly examined. Investigations that look at

later timepoints are required to determine whether fracture calluses from mice treated with

alendronate during healing will ever remodel and return to a normal cortical morphology.

Conclusions

Fracture calluses contain woven bone that appears to override the biomechanical

deficiencies inherent in intact bones from Brtl/+ mice. Treating these mice with alendronate

during fracture healing resulted in larger calluses with increased structural biomechanical

properties, although it altered the dynamics of healing by preventing callus volume

decreases later in the healing process. These murine results suggest that a complex situation

would occur in OI patients given bisphosphonates during fracture healing. On the one hand,

the geometric advantage we described may help reduce the inherent risk of re-fracture

during the healing process. On the other hand, the larger callus will contain increased

bisphosphonate concentrations and the kinetics of callus resolution may be delayed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Study design. Solid arrows indicate when no alendronate injections were given. Dashed lines indicate when weekly

subcutaneous injections of alendronate were given. The following groups were tested for both Brtl/+ and wild type (WT) mice.
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Fig. 2.
Quantitative microcomputed tomography results for callus morphology and densitometry for pooled genotype data. (A) Callus

volume and (B) bone volume fraction during healing. Tissue mineral densities (TMD) for the (C) bone in the callus and (D)

residual cortical bone. Notations indicate significance (p b 0.05) with respect to no alendronate treatment (n), alendronate

treatment before fracture (b) in parts A and B. Notations indicate significance (p < 0.05) with respect to 2 weeks of healing (#)

or 3 weeks of healing (+) in parts C and D; i, p = 0.064.
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Fig. 3.
Representative sagittal planes of microcomputed tomography images from (A) WT mice after 5 weeks of healing and (B) from

the intact tibiae of 9-week-old mice. “None” represents no alendronate treatment, “Before” is alendronate before fracture, and

“Continued” is treatment before and after fracture.
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Fig. 4.
Biomechanical changes in fracture calluses based on genotypic and treatment protocol variations at 3 weeks of healing (A–C)

and 5 weeks of healing (D–F). Stiffness (A, D), torque at failure (B, E) and energy to failure (C, F) are shown. Notations

indicate significance (p < 0.05) with respect to no alendronate treatment (n), alendronate treatment before fracture (b), or

between the genotypes (*). In (F), mice that received alendronate before and after fracture compared with those with alendronate

before fracture (j, p = 0.053). Genotypes are compared where indicated in A, B, C, and D and are pooled in E and F to compare

treatment protocols.
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Fig. 5.
Mean energy to failure at various timepoints during healing for mice that did not receive alendronate. There was decreased

energy to failure in both genotypes after 2 weeks of healing. After 5 weeks of healing, there was a statistically significant

difference (p < 0.05) between the fractured and intact tibiae for Brtl/+ mice.
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Fig. 6.
Parallelism index results for polarized light analysis after 5 weeks of healing. Notations indicate significance with respect to the

cortical bone within a genotype (*, p < 0.05). For the cortical bone, there was no difference between the genotypes (w, p =

0.072).
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Fig. 7.
Raman microspectroscopy results. (A) Crystallinity (inverse full width at half height of 960 cm−1 peak), mineral-to-matrix ratio,

and carbonate-to-phosphate ratio for intact tibiae and fracture callus at 3 weeks of healing. (B) Crystallinity vs. mineral-to-

matrix ratio in both genotypes. In (C), histograms for spectra taken at the surface (bottom) appear to be a reasonable sampling of

spectra taken through the cortical thickness (top). Notations indicate significance with respect to genotype (*, p < 0.05). No

significant differences were found by genotype (m, p = 0.076 and n, p = 0.075) or between treatment groups.
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