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Article Focus
�� Bisphosphonate suppresses osteoclastic 

activity to preserve bone structure.
�� Therapy may block remodelling, causing 

the accumulation of microcracks.
�� We examined the effect of bisphospho-

nate on trabecular microarchitecture, 
microdamage and compressive strength.

Key Messages
�� Bisphosphonate-treated bone was lower 

in compressive strength than untreated 

controls, which may be due to the greater 
accumulation of microcracks.

�� The clinical impact of induced microcrack 
accumulation may affect fragility.

Strengths and Limitations
�� Bisphosphonate-treated patients may 

exhibit less bone strength because of disease 
(selection bias) rather than BP treatment.

�� However, BP and untreated fracture con-
trols possess the same microarchitecture, 
i.e. the groups are comparable in health.

The effect of long-term bisphosphonate 
therapy on trabecular bone strength  
and microcrack density

Objectives
Bisphosphonates (BP) are the first-line treatment for preventing fragility fractures. How-
ever, concern regarding their efficacy is growing because bisphosphonate is associated with 
over-suppression of remodelling and accumulation of microcracks. While dual-energy X-ray 
absorptiometry (DXA) scanning may show a gain in bone density, the impact of this class 
of drug on mechanical properties remains unclear. We therefore sought to quantify the 
mechanical strength of bone treated with BP (oral alendronate), and correlate data with the 
microarchitecture and density of microcracks in comparison with untreated controls.

Methods
Trabecular bone from hip fracture patients treated with BP (n = 10) was compared with 
naïve fractured (n = 14) and non-fractured controls (n = 6). Trabecular cores were syn-
chrotron scanned and micro-CT scanned for microstructural analysis, including quantifica-
tion of bone volume fraction, microarchitecture and microcracks. The specimens were then 
mechanically tested in compression.

Results
BP bone was 28% lower in strength than untreated hip fracture bone, and 48% lower in 
strength than non-fractured control bone (4.6 MPa vs 6.4 MPa vs 8.9 MPa). BP-treated bone 
had 24% more microcracks than naïve fractured bone and 51% more than non-fractured 
control (8.12/cm2 vs 6.55/cm2 vs 5.25/cm2). BP and naïve fracture bone exhibited similar 
trabecular microarchitecture, with significantly lower bone volume fraction and connectiv-
ity than non-fractured controls.

Conclusion
BP therapy had no detectable mechanical benefit in the specimens examined. Instead, its 
use was associated with substantially reduced bone strength. This low strength may be due 
to the greater accumulation of microcracks and a lack of any discernible improvement in 
bone volume or microarchitecture. This preliminary study suggests that the clinical impact 
of BP-induced microcrack accumulation may be significant.
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�� This is the first study to employ state-of-the-art syn-
chrotron micro-CT to visualise microcracks in humans.

Introduction
Bone fragility, or osteoporosis, is a major disease affect-
ing 200 million people worldwide and contributing to 
8.9 million fractures annually.1,2 This process is charac-
terised by a reduction in bone mass, resulting from a 
reduction in the number, thickness, and connectivity of 
trabeculae, which can be documented and monitored 
by dual energy X-ray absorptiometry (DXA)3 or quanti-
tative computed tomography (QCT)4 imaging. These 
imaging modalities quantify the amount of bone min-
eral present per unit area or volume and correlate rea-
sonably with fracture risk.3,5 The bisphosphonate (BP) 
family of drugs has, for some years, been the first-line 
treatment option for prevention of fragility fractures.6,7 
BP is said to improve bone strength by reducing bone 
remodelling8 and increasing DXA-based measures of 
bone mineral density (BMD).9 This increase in BMD is 
thought to be the result of microarchitectural changes 
caused by BP,10 but the mechanical consequences of 
these changes may not be entirely benign. Two clinical 
conditions are now linked to BP use: atypical femoral 
fractures where the femur breaks without warning,11 
and osteonecrosis of the jaw, which causes poor bone 
healing following dental work.12 However, to our 
knowledge, no studies have reported the impact of BP 

treatment on the mechanical properties of human 
bone.

Suppression of remodelling by BP may cause microc-
racks to accumulate in bone.13 Microcracks are a normal 
feature of bone (Fig. 1 and Supplementary movie 1); they 
are a consequence of stress, and act as a stimulus for 
bone remodelling, but cannot be detected by DXA or 
QCT. A substantial increase in microcrack density as a 
result of BP treatment has been reported in both canine 
and human studies,14,15 but the relationship between 
microcrack density and mechanical properties has only 
been demonstrated in animal studies.10,16 These found 
that a reduction in fracture resistance was inversely 
related to microcrack density, which increased with dura-
tion of use17 and dose of BP treatment.18 This important 
relationship between the microarchitecture, the density 
of microcracks, and the mechanical properties of bone 
has not been established in humans for normal osteo-
porotic or BP-treated bone.

Our aim was therefore threefold: first, to determine 
whether BP (oral alendronate 70 mg, taken weekly) ther-
apy was associated with any microstructural changes 
that are not visible on conventional bone quality metrics 
in the femoral head and neck, an area of bone that is 
highly clinically relevant; second, to measure the mechan-
ical properties of human bone from the BP-treated group 
and control groups; and third, to relate the microstruc-
tural features to these mechanical properties.

Fig. 1b

Synchrotron micro-CT images of trabecular bone and microcracks. Rendered scan data depicting microcracks within a) a trabeculum, and b) a node where 
several elements join together. Bone is shown in light brown and the microcracks in dark red. The computer models were created with colour, light and perspec-
tive using the software VG Studio Max.

Fig. 1a
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Patients and Methods
Imperial College Tissue Bank (R13004) approved collec-
tion and research of human tissue from Charing Cross 
Hospital and St Mary’s Hospital (London, United Kingdom) 
between May 2014 and September 2014. A consecutive 
series of femoral heads was collected from 25 patients 
with an intracapsular fracture after written informed con-
sent was provided. In total, 24 specimens were included 
in the study and one was excluded due to avascular 
necrosis. Patients were divided into those who had taken 
BP and those who had not (Table I). Patient history of met-
abolic bone disease and treatment was collected from 
patient records. Ten fracture patients (61 to 94 years) had 
been prescribed BP (oral alendronate 70 mg, weekly) for 
between one and nine years. The mean duration of treat-
ment was 3.1 years (sd 2.6). A total of 14 hip fracture 
patients (74 to 95 years) had not received any treatment 
for metabolic bone disease. These were then compared 
with six matched cadaveric femoral heads from ‘healthy’ 
ageing people who had no history of hip disease or bone 
metabolic medication (73 to 84 years). The mean age of 
the three groups was not significantly different (one-way 
analysis of variance F = 1.529, p =  0.223); BP-treated 

patients tended to be younger (78 years, sd 8) than both 
untreated fracture (83 years, sd 8) and non-fractured con-
trols (79 years, sd 4). The gender ratio was skewed 
towards females, probably because osteoporosis affects 
more women than men.

Two cores of trabecular bone (10 mm height × 7 mm 
diameter, an approximate ratio of 3:2) were prepared 
from the primary compressive trabecular arcade in each of 
the 30 femoral heads (Fig. 2 and Supplementary movie 2). 
In order to minimise damage caused by the preparation 
process, a low-speed (500 rpm) bench pillar drill (Jet JDP-
15B, Jet Tools, La Vergne, Tennessee) was used under irri-
gation with a diamond drill bit (DK Holdings Ltd, 
Staplehurst, United Kingdom). Cores were collected from 
the trabecular chiasma and the region directly inferior. 
Cores were micro-CT scanned using a Nikon X-Tek 
HMXST-225 system, and reconstructed using CTPro 2.0 
(Nikon Metrology UK, Tring, United Kingdom). The 
settings were: tungsten target; X-Ray beam 180 keV and 
200 µA, voxel size 30 µm; 3124 projections; 360o rotation.

Trabecular microarchitecture was quantified using the 
BoneJ plugin for ImageJ v1.49 (an open source software), 
which has been validated for measuring bone.19 Scans 

Rendered micro-CT images of trabecular bone cores. The top and bottom rows represent cores with the highest and lowest bone volume fraction (BVF) for a) 
and b) non-fractured; c) and d) untreated fracture patients; and e) and f) BP-treated fracture patients.

Table I.  Age and gender distribution of patients

Group Mean age, yrs (sd) Female, n (%) Male, n (%) Total, n

Non-fracture control 78.8 (4.0) 4 (66.7) 2 (33.3) 6
Fracture control 82.9 (7.8) 8 (57.1) 6 (42.9) 14
Bisphosphonate therapy 77.3 (8.0) 7 (70.0) 3 (30.0) 10

Fig. 2a Fig. 2c Fig. 2e

Fig. 2b Fig. 2d Fig. 2f
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were thresholded into binary images for microarchitec-
tural analysis using the optimise threshold plugin. Bone 
volume fraction (BVF), connectivity density and trabecu-
lar thickness were measured. BVF is the ratio of the num-
ber of voxels that represent bone relative to the number 
that represent the core. Connectivity density was calcu-
lated by first determining the Euler characteristic, which 
can be used to provide an estimate of connectivity, and 
then dividing by the volume of the core. Trabecular thick-
ness was calculated by fitting spheres within the trabecu-
lae and measuring the diameter of the maximum fitted 
sphere.

A third core was cut from each of a subset of 18 of the 
femoral heads (six randomly selected from each of the 
three treatment and control groups) directly superior to 
the chiasma. The specimens were synchrotron micro-CT 

scanned at Diamond Light Source Ltd (Didcot, United 
Kingdom) using Beamline I12. The settings were: sam-
ple-to-detector distance 1000 mm, scan time five min-
utes, X-Ray beam 55 keV, 1800 projections; exposure 
time 1.3 seconds; 180o rotation; ring energy 3.1281 J; 
ring current 301.5 mA; and Wiggler readback 4.2 T. A 
volume of interest 2.76 mm in height and 3.28 mm in 
diameter was scanned at the centre of the core in order to 
avoid the region at the edge of the sample which was 
damaged during preparation. The total volume was 
23.31 mm3 and the voxel size was 1.3 µm. Tomographic 
images were reconstructed using DAWN (Diamond Light 
Source, Didcot, United Kingdom),20 which uses filter 
back-projection and ring artefact removal.21

Synchrotron scans were used to calculate microcrack 
density. Each scan contained 2200 slices and was subdi-
vided into 11 subsets consisting of 200 slices. The num-
ber of microcracks per mm2 was counted in 11 slices 
selected at random, one from each subset. A cumulative 
frequency plot of microcrack density revealed that 
increasing the number of slices beyond 11 per block did 
not produce any observable change in mean microcrack 
density. A single value of crack density was calculated 
from each sample for use in statistical analysis.

After scanning, cores were tested to failure in compres-
sion using an Instron 5565 machine (Instron Engineering 
Corporation, Norwood, Massachusetts). Apparent com-
pressive strength was calculated as the maximum load 
divided by the cross-sectional area. The maximum loads 
that the samples withstood during the compression test 
were also dependent on the amount of tissue, porosity 
and size of the sample. Therefore, to investigate other 
effects of BP on bone strength, isolated from that of poros-
ity, the strength divided by BVF (which is inversely equal 
to the porosity) was also calculated, i.e. tissue strength.

Parametric descriptive statistics and tests were calcu-
lated using SPSS (IBM, Armonk, New York) with one-way 
ANOVA with Tukey’s post hoc test.

Results
Apparent strength of BP-treated bone was 29% less in 
compression than the untreated fracture cores, which in 
turn were 27% less than the non-fractured controls (Fig. 
3a). BP-treated bone tissue strength was 28% less than 
the untreated fracture bone, and 38% less than the non-
fractured control bone, which were not statistically sig-
nificantly different from each other (Fig. 3b).

The microarchitecture of non-fractured bone differed 
significantly from the two fracture groups: healthy bone 
had significantly more bone per unit volume, with greater 
trabecular connectivity, while the two fracture groups 
could not be distinguished by any microarchitectural 
metric (Fig. 4).

In terms of microcrack density, BP-treated bone was 
highly abnormal, with 24% more microcracks per unit 
area than the fracture bone, and 54% more than the 
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Compressive strength of BP-treated bone cores in comparison with controls. 
Trabecular cores were compared using one-way ANOVA with Tukey’s post hoc 
test. a) F = 27.3, p < 0.001; b) F = 6.59, p = 0.003. Symbols denote signifi-
cant pairwise difference at *p < 0.001, †p < 0.01, and ‡p < 0.05.
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healthy control bone (Fig. 5). The incidence of microc-
racks varied considerably, but the difference between hip 
fracture and non-fracture controls in terms of microcrack 
density failed to reach statistical significance. The density 

of microcracks in BP-treated bone was significantly 
greater than either control group (Fig. 5).

Discussion
This is a small study of bone obtained following a hip frac-
ture, so any results should be treated with caution: no 
observation can be made regarding bone healing, only 
regarding risk of fracture. However, this is the first study to 
link the microarchitecture, microcrack density, and 
mechanical strength of BP-treated bone from human 
patients. The most important finding is that, in a subgroup 
of patients who fractured after therapy, BP treatment was 
associated with a reduction in the compressive strength of 
bone, in comparison with both bone from untreated 
patients with hip fractures and bone from ‘healthy’ non-
fractured controls. The reduced strength was associated 
with increased microdamage, mirroring findings from ani-
mal studies.10,16-18 This deleterious effect of accumulated 
microcracks on compressive strength in the BP-treated 
patients was not offset by any detectable improvements in 
bone volume or other microarchitectural measures.

BP therapy was associated with a reduction in the 
compressive strength of bone (Fig. 3). Bone from 
BP-treated fracture patients failed under just 4.6 MPa of 
compressive load (sd 1.1), while BP-naïve bone with-
stood 6.4 MPa (sd 1.5) or a 39% greater load. Non-
fracture control bone was of course much stronger, 
withstanding 8.9 MPa (sd 2.3) or almost twice the load of 
BP-affected bone. When these results are corrected for 
bone volume fraction, any difference between the two 
samples of bone not exposed to BP failed to reach signifi-
cance, suggesting that osteoporotic bone is fundamen-
tally the same biomaterial as normal bone – there is just 
less of it. However, BP-exposed bone was much weaker: 
40% weaker than untreated fracture bone, and 62% 
weaker than healthy ageing controls. This suggests that 
the impact of BP may not be entirely benign because the 
bone is lower in strength than expected for the volume.

Regarding the individual microstructural variables that 
contribute towards mechanical strength in bone that has 
not been subjected to BP, BVF (the microscopic equiva-
lent of bone density) is a major determinant of strength 
(Fig. 4), as is connectivity, which probably diminishes 
with bone loss. Healthy bone has more trabeculae that 
are more interlinked than in either fracture group, which 
were comparable on both these measures (Fig. 4). The 
trabeculae of BP-treated bone were only 4% narrower 
than in healthy bone, while those from untreated fracture 
bone were 6% narrower (211 µm, sd 25 vs 208 µm, sd 21 
vs 221 µm, sd 19). This small difference in trabecular 
thickness, which may be a BP effect, did not reach statisti-
cal significance.

The synchrotron micro-CT images provide a new dimen-
sion of information (Fig. 1 and Supplementary movie 1): 
BP-treated bone had significantly more microcracks than 
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either non-fractured or fractured control bone (Fig. 5). 
The microcrack density exhibited by the non-fracture and 
hip fracture controls were similar, while the BP fracture 
patients had 24% more microcracks per unit area. It is 
possible that some of the microcracks may have been cre-
ated by the sample preparation process and synchrotron 
radiation (SR) scanning. However, in this comparative 
study any effect was presumably similar for all groups. To 
avoid scanning bone tissue damaged during the coring 
process, the SR micro-CT volume of interest was imaged 
at the centre of the bone core away from the cut edges 
(following).22 Several studies have reported that SR 
micro-CT is an accurate technique for quantifying bone 
microstructure in 3D.23-25 A comparison between 2D 
histology, 3D micro-CT and 3D SR micro-CT reported 
that the structural parameters were highly correlated 
(r2 = 0.84),26 hence it is unlikely that the preparation of 
SR micro-CT affected microstructure.

Perhaps BP-treated bone is associated with lower 
strength in compression than the fracture controls 
because the accumulated microcracks propagated and/or 
merged under mechanical loading, culminating in gross 
failure of the trabeculae. This proposal is not new. It was 
already proposed to explain the association between BP 
therapy and relatively rare ‘atypical’ femoral fractures 
(AFFs) of the subtrochanteric cortices.27 These data sug-
gest that the same mechanism may also be relevant to 
typical hip fractures of the femoral neck or to other fragil-
ity fractures. If our findings from the femoral heads are 
representative of the proximal femur in general, they may 
have relevance to typical fractures of the femoral neck, 
suggesting that the neck might be more prone to a 
‘typical’ fracture, despite any improvements in bone 
apparent density or mineral density.

The evidence presented here falls short of demonstrat-
ing a causal relationship between accumulated microc-
racks, reduced compressive strength, and increased 
fracture risk. There may well be residual confounding fac-
tors biasing the patient selection. Patients receiving BP 
may have had reduced bone strength to begin with 
because people more severely affected by osteoporosis 
tend to be prescribed BP. Osteoporosis is characterised by 
a loss of bone mass and deterioration of the trabecular 
microstructure, leading to increased fracture risk.28 The 
increased fracture risk is correlated with low BMD.29,30 We 
were not able to measure BMD directly in this study, but 
we did measure the BVF and characterise the microarchi-
tecture of the bone specimens. The BVF and microarchitec-
ture (trabecular thickness and connectivity) were similar, 
yet the BP-treated bone was significantly lower in strength 
when normalised for porosity (Fig. 3) than the bone in the 
untreated fracture group. As such, BP-treated bone did not 
appear to be lower in strength through any detectable 
difference in trabecular bone volume or microarchitecture 
associated with osteoporosis, so we have no direct evi-
dence of residual confounding bias in our patient groups.

Instead, our data suggest that the relative low strength 
of BP-treated bone (in our subgroup of patients who had 
suffered a fracture during BP therapy) is due to a signifi-
cantly higher density of microcracks than was found in 
either hip fracture or non-fracture controls. This interpre-
tation supports, and is supported by, a recent nested 
case-control study of 2009 hip fracture patients and 
10 045 controls.31 Overall, hip fracture risk did not differ 
between BP-treated patients and controls. However, the 
odds ratio favoured BP treatment for the first year, but 
from one to three years fracture risk was similar, and after 
three years BP patients were significantly more likely to 
suffer a typical hip fracture than were the untreated con-
trols. Given that BP treatment reduced fracture risk in the 
first year, while between one and three years the fracture 
incidence was equivalent, it is reasonable to assume that 
the higher incidence of fractures in the group treated 
with BP for more than three years was not due to the con-
founding indication that they were more severely affected 
by osteoporosis; otherwise, fracture risk in BP patients 
would have been higher than in the controls in the first 
year. Treatment with BP for more than three years is asso-
ciated with a higher fracture risk in this large study, which 
fits with our observations of the material properties of 
BP-treated bone and the continued accumulation of 
microcracks reducing the strength of bone.

A recent systematic review of BP therapy, which 
included the Fracture Intervention Trial (FIT),32,33 reported 
that the evidence for BP treatment reducing the risk of hip 
fracture was weak.34 Due to the long half-life of BP in 
bone, there is a pressing clinical need to establish whether 
BP therapy can contribute towards the accumulation of 
microcracks, with the mechanical consequence of reduc-
ing the compressive strength of bone in the long term. BP 
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Microcrack density of BP-treated bone cores in comparison with controls. Tra-
becular cores were compared using one-way ANOVA with Tukey’s post hoc 
test: microcrack number/mm2 F = 13.754, p = 0.001. Symbols denote signifi-
cant pairwise difference at *p < 0.001 and †p < 0.05.
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may thereby increase the risk of hip fractures in the long 
term rather than preventing them. The prevalence of 
AFFs associated with BP use already appears to be increas-
ing: 10.7% per year on average between 1999 and 
2010.35 The number of BP prescriptions are expected to 
increase due to the ageing population; this may result in 
an actual increase in fractures.36,37

The clinical impact of our findings, and those of the 
studies referenced here, needs further evaluation. 
Conventional metrics of bone quality such as DXA or 
QCT are unable to detect microcracks, so may have little 
to contribute to this important topic. A clinical metric of 
the prevalence of microcracks in bone would be highly 
desirable and of real clinical relevance in patients who 
have been exposed to BP, as their bone does not behave 
like normal bone, and should be considered as a different 
biomaterial, with less strength per unit volume than bone 
that has not been exposed to BP.

In comparison with untreated hip fracture and healthy 
controls, bone from BP-treated hip fracture patients was 
lower in strength. BP bone may have been lower in 
strength because the bone was more osteoporotic but 
the BVF and other microarchitectural properties were 
identical to those of the naïve fracture patients. The data 
we report here suggest that the low strength is (at least 
partly) the result of the greater density of accumulated 
microcracks found in BP-treated bone. The clinical impact 
of this finding needs further evaluation. Clinical trials 
have shown that BP reduces fracture risk but there may 
be a subgroup of patients who, due to over-suppression 
of remodelling, do not respond to therapy as well as they 
could regarding bone strength and, therefore, fracture 
risk. Similarly, patients exposed to BP may be at higher 
risk of periprosthetic fractures or of early fixation failure 
owing to a greater density of microcracks. Perhaps some 
patients require smaller doses of BP or treatment holidays 
to allow for the repair of microcracks.

Supplementary material
Videos showing the microarchitecture and micro-
cracking in the bone cores are available alongside 

this paper online at www.bjr.boneandjoint.org.uk
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