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ARTICLE INFO ABSTRACT

Keywords: Background: In osteoporosis patients, antiresorptive treatments such as alendronate reduce the resorption of
Bisphosphonates trabecular bone and thus minimize vertebral fracture risk. However, fracture risk reduction efficacy of anti-
Fracture risk resorptive drugs varies between skeletal sites and is highest for vertebral bone. In human vertebrae, cancellous
Vertebrae

bone is distributed heterogeneously between regions. This microstructural heterogeneity is changing with pa-
tient age and is likely to play a major role in vertebral failure mechanisms and fracture susceptibility. Whether
antiresorptive treatment affects the heterogeneity of vertebral microstructure in osteoporosis has not been un-
raveled.

Methods: Our aim was to assess whether antiresorptive treatment would have a region-dependent influence on
vertebral trabecular bone. Therefore, we used high-resolution peripheral quantitative computed tomography
(HR-pQCT), microcomputed tomography (microCT) and uniaxial compression testing to determine the structure
and mechanical properties of trabecular bone cores from anterior and posterior regions of 22 lumbar vertebrae
from elderly osteoporotic women. We analyzed age-matched ex vivo bone samples from bisphosphonate-treated
female osteoporosis patients (age: 82 + 7y, bisphosphonate treatment period: 4 + 2years) along treatment-
naive female controls (82 * 7y).

Results: MicroCT analysis showed a significantly lower bone volume fraction (p = 0.006) and lower trabecular
number (p = 0.003) for the anterior bone cores compared to posterior bone cores in the treatment-naive group.
The bisphosphonate-treated group had a more homogeneous bone volume distribution and did not show sig-
nificant regional differences in bone volume, it however also displayed significantly different trabecular numbers
(p = 0.016). In bone cores of the bisphosphonate-treated group, trabeculae were thicker in comparison to
treatment-naive controls (p = 0.011). Differences in bone volume further resulted in different maximum forces
during compression testing between the samples. In addition, the percental difference between BV/TV cr in
anterior and posterior bone cores was lower in bisphosphonate-treated vertebrae when vertebrae with directly
adjacent fractures (n = 3) were excluded.

Conclusion: In conclusion, regional trabecular bone microstructure in lumbar vertebrae of bisphosphonate-
treated women was more homogeneous compared to treatment-naive controls. Bisphosphonate treatment, which
specifically targets resorption surfaces common in anterior vertebral bone, might have resulted in a region-
specific preservation of vertebral microstructure and loading capacity. This could have positive implications for
the reduction of wedge fracture risk and add to the explanation of the higher efficacy of fracture risk reduction in
vertebrae in comparison to other fracture regions.

Regional heterogeneity
Osteoporosis treatment

Abbreviations: BV/TVygrpoct, BV/TV derived by high-resolution quantitative computed tomography; BV/TV,cr, BV/TV derived by micro-computed tomography
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1. Introduction

With high rates of fracture risk reduction, bisphosphonate treatment
is a cost-effective option for the prevention of osteoporotic fractures
[1], especially in postmenopausal and elderly women [2]. Different
types of bisphosphonates vary in their capability to reduce fracture risk:
Zoledronic acid is most effective (OR 0.61), followed by alendronate
(0.64), clodronate (0.69) and risedronate (0.74) [3]. In recent years,
usage of all bisphosphonates has dwindled leading to an increase in
fractures and mortality, amplified by negative media attention on rare
side effects such as osteonecrosis of the jaw and atypical femoral frac-
tures [4]. The discussion about rare but severe side effects has spawned
new interest into treat-to-target strategies for osteoporosis management
[5]. Defining a treatment goal, e.g. a targeting of bone volume dis-
tribution or a target areal bone mineral density (aBMD), would limit
exposure to medication for osteoporosis patients. Applying a treat-to-
target strategy to osteoporosis management is expected to reduce
treatment costs and risk for adverse side effects simultaneously [6].
Since the capabilities of BMD as a treatment target are limited [7],
creating a better understanding about the underlying mechanisms of
bisphosphonates' action on bone volume and structure might help to
establish a reasonable treatment target and further reinstate trust in this
effective treatment option.

The efficacy of most current bisphosphonates varies drastically de-
pending on fracture site. Bisphosphonate treatments reduce fracture
risk for vertebrae with an odds ratio of 0.55 and for other fracture sites
with an odds ratio of 0.73 on average [3]. For alendronate specifically,
the fracture incidence within the first 12 months of treatment is reduced
by 57% at vertebral sites and by 28% at non-vertebral sites compared to
baseline incidences [8].

The higher efficacy for vertebral fracture risk reduction might be
partly explained by the higher content of trabecular bone in the ver-
tebrae compared to other skeletal sites, e.g. the hip. The higher surface-
to-volume ratio in trabecular bone favors resorption [9] and thus the-
oretically allows for increased binding of bisphosphonates to resorption
surfaces [10]. Another important characteristic of vertebral trabecular
bone is its heterogeneity: The bone volume and bone structure quality,
quantified by trabecular number, thickness, and spacing, is lower in
anterior vertebral regions compared to posterior regions [11-14]. A
destructive compression of the anterior region is termed wedge fracture
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and represents the most common fracture type in men and women
[15,16]. Aging-related changes in the heterogeneity of the trabecular
bone in vertebrae are considered to contribute to an increasing risk of
wedge fractures [17].

Whether bisphosphonates' influence varies in different regions of
trabecular bone remains to be investigated. We hypothesized that
aging-related changes in regional heterogeneity of trabecular bone
might interact with the efficacy of bisphosphonates. Thus we analyzed
trabecular bone cores from the anterior and posterior regions from
lumbar vertebrae of untreated and bisphosphonate-treated osteoporotic
women with high-resolution microCT imaging and mechanical testing.
The goal of our study was to determine:

1. whether local differences in trabecular architecture due to bispho-
sphonate treatment could be detected and

. whether these local trabecular architecture differences translated
into changes in the load-bearing capacity of the bone.

. Material and methods

We obtained second and third lumbar vertebrae post-mortem from
postmenopausal women in cooperation with the Department of
Forensic Medicine at the University Medical Center Hamburg-
Eppendorf after approval of the City of Hamburg's Chamber of
Physicians Ethics Committee (# PV3486). Exclusion criteria were bone-
related metabolic diseases, bone cancer, immobility over more than one
year, renal disease, and therapy with strontium, fluoride or other an-
tiresorptive medication besides bisphosphonates [18]. All women were
classified as osteoporosis patients based on a hip or spine t-score below
—2.5 following WHO guidelines or based on a previous osteoporotic
fracture. Since for some subjects both the second and third lumbar
vertebra was used for this study, Table 1 displays the T-score of the used
individual vertebrae. Eight vertebrae were excluded after osteodensi-
tometry due to severely deflected endplates, i.e. 22 vertebrae from 17
subjects were included for further experiments in the study. Fractures in
directly adjacent vertebrae were recorded. The vertebrae were divided
into two groups: one osteoporotic, treatment-naive group (OP) and one
bisphosphonate-treated group (BP). The bisphosphonate-treated group
received an antiresorptive treatment with either alendronate (70 mg
weekly, n = 6), risedronate (35mg weekly, n = 3) or ibandronate

2?2111; ::haracteristics of vertebrae included for all steps of the study. (No significant differences between groups regarding age or T-scores.)
Group n Age Treatment duration T-score vertebra T-score hip
Osteoporosis (OP) 11 82.0 = 7.0y No treatment -31 =10 -32 =07
Bisphosphonate (BP) 11 82.4 + 65y 44 + 19y -1.9 * 25 -2.7 * 1.0

Macrostructure  Microstructure ~ Mechanics

HRpQCT, 82um Micro CT, 14um Mech. tests

Fig. 1. Overview of methods, from left to right: Macrostructure of L3 vertebrae of elderly, osteoporotic women (treatment-naive and bisphosphonate-treated) was
assessed with HRpQCT (nominal resolution 82 um). Microstructure of two trabecular bone cores (drilled from the same side of the vertebra) was evaluated based on
microCT imaging (nominal resolution 3.5 um). Mechanical characteristics were determined after uniaxial compressive testing.
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(150 mg monthly, n = 2) according to the recommendation of the drug
manufacturers for 4.2 + 2.1 years. All samples were fresh frozen at
—-20°C.

As a first step, all third lumbar vertebrae were scanned with a high-
resolution peripheral quantitative CT to ensure the macrostructural
integrity of the vertebra and check for signs of fracture (cf. Fig. 1). In a
second step, bone cores from the anterior and the posterior part of one
side of the vertebrae were scanned with a microCT. For the third step of
our study, we performed uniaxial compression tests on the bone cores
to enable a connection between microstructural and material proper-
ties.

2.1. HRpQCT imaging of whole lumbar vertebrae

Whole vertebrae imaging was performed to confirm that the mac-
roscopic structure of the vertebrae had not been compromised by major
osteophytes, deformations such as Schmorl's nodes or preexisting frac-
tures. After soft tissue removal, all vertebrae were scanned at 82 pm
resolution with a high-resolution peripheral quantitative CT scanner
(XtremeCT, Scanco Medical AG, Switzerland) (cf. Fig. 1, Macro-
structure). The scanning protocol was kept constant (voltage: 60kV,
current: 1 mA, filter: 0.3mm Cu + 1 mm Al) and bone volume BV/
TVurpoct Was evaluated after segmentation with a fixed threshold for a
trabecular cylinder with largest possible dimensions.

2.2. MicroCT analysis of trabecular bone cores

After whole bone scanning, two trabecular bone cores were drilled
from one side of third lumbar vertebrae (cf. Fig. 1, Macrostructure). To
this end, vertebral processes were removed with a band saw; the re-
maining vertebral body was fastened in a custom-build frame. Bone
cores were drilled with a low speed surgical drill (TREU Instrumente,
Germany) using a core cutter bit producing cores of 9 mm in diameter.
The outer boundaries of the individual cylinders were positioned 2 mm
from the midsagittal plane and the midfrontal plane of the vertebral
body (cf. Fig. 2). To prevent heat development and dehydration during
drilling, the procedure was performed in a bath of saline solution.

Each bone core was scanned at 3.5pum nominal resolution with a
microCT (Skyscan 1272, Bruker microCT, Belgium) using the following
settings: 80 kV, 125 mA, 0.5 mm Al filter. During reconstruction, values
for ring artifact reduction and beam hardening correction were kept
constant (NRecon, Bruker microCT, Belgium). The microstructural
evaluation was conducted with CTAn (Bruker microCT, Belgium). The
volume of interest was defined as a central cylinder of 7 mm diameter in
the middle of the bone core (cf. Fig. 1, Microstructure), thereby ex-
cluding an outer layer of 1 mm thickness to minimize the influence of
machining artifacts. The grey value dataset was coarsened to a 14-um

midsagittal
plane
|
|
1
I .
_____ SR S midfrontal
plane

Fig. 2. Standardized position of bone cores in relation to the superior endplate.
Distances: d = 2mm, h = half of distance between vertebral foramen and
anterior edge of vertebral body. Dark circles indicate position of extracted bone
cores.
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resolution to reduce computation time and segmented with a fixed
threshold. We evaluated the following parameters, according to the
ASBMR nomenclature committee: bone volume to tissue volume ratio
(BV/TV,cr, %), trabecular thickness (Tb.Th, pym), and trabecular
number (Tb.N, 1/mm).

2.3. Compression testing of trabecular bone cores

The last step of our experimental design consisted of destructive
uniaxial compression testing of the trabecular bone cores. Therefore,
the bone cores were cut to 18 mm length and metal platelets were glued
to the ends with cyanoacrylate to reduce end artifacts [19]. We used a
uniaxial material testing machine (Z2.5N1S, Zwick/Roell GmbH, Ger-
many) with a 2kN load cell and a recommended testing speed of
0.065%L0/s [20]. The compression test was stopped when the recorded
force reached 80% of the recorded maximum force. The main outcome
parameter was the maximum force F,,, under compression.

2.4. Statistical analysis

All presented values are expressed as mean * standard deviation.
All data was evaluated using IBM SPSS Statistics 22.0 (IBM, NY, USA).
Depending on normality and homogeneity of variances we employed
non-parametric tests (Mann-Whitney-U test) to detect differences in
whole bone characteristics.

For the comparison of regional characteristics within one group
(anterior vs. posterior), we used a non-parametric paired test (Wilcoxon
signed rank test). To compare the same region between two groups (OP
vs. BP), we performed ANOVA with conservative Bonferroni post-hoc
comparison or non-parametric tests (independent-samples Kruskal-
Wallis test) depending on normality and homogeneity of variances.

Regression analysis was used to determine the relation between
bone volume to tissue volume ratio and maximum force. Further, the
relative influence of BV/TV, Tb.Th, and Tb.N was investigated using
stepwise regression analyses for each group with Fmax as dependent
variable. In addition, correlation coefficients between the trabecular
parameters (BV/TV, Tb.Th, and Tb.N) were determined.

3. Results

Our micro CT data reveals differences between posterior and ante-
rior vertebral microstructure of osteoporotic women that are not pre-
sent in the same manner in the group of women treated with bispho-
sphonate. The observed microstructural variations go along with
variations of maximum force during compression testing.

3.1. Results of high-resolution CT imaging of whole lumbar vertebrae

While all included subjects from both groups shared the same
baseline characteristics — neither age, BV/TV derived from high-re-
solution QCT imaging, vertebra-specific T-score, nor T-score at the hip
were different — the regional analysis of anterior and posterior bone
cores revealed differences between the bisphosphonate-treated group
and the treatment-naive osteoporosis group.

3.2. MicroCT analysis of trabecular bone cores

Evaluation of trabecular microstructure of the extracted bone cores
showed a deteriorated microstructure in the anterior bone core in
comparison to the posterior one for the osteoporosis group (cf. Fig. 3).
Specifically, BV/TVcr and Tb.N were reduced in the anterior cores of
the osteoporosis group (p = 0.006, p = 0.003, respectively). In con-
trast, the bisphosphonate-treated group did not show significant dif-
ferences in BV/TV,cr but also presented a significantly lower trabecular
number in anterior bone cores (p = 0.016). When combining anterior
and posterior bone cores for each group, the bisphosphonate group
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Fig. 3. High-resolution microCT imaging revealed significantly higher BV/TV
and Tb.N for posterior compared to anterior bone cores in the osteoporosis
group (A, B). The bisphosphonate group only displays a significantly higher
Tb.N in the posterior region compared to the anterior (B). When pooling
anterior and posterior bone cores, the bisphosphonate group displays a sig-
nificantly higher trabecular thickness (C). *p < 0.01 *p < 0.05.

showed an overall higher trabecular thickness (p = 0.011).

Comparison of the same regions between groups showed a sig-
nificant difference between Tb.N in posterior cores from osteoporotic
individuals compared to anterior cores from bisphosphonate-treated
ones.

Table 2 displays the results of correlation analyses between BV/
TV,cr and Tb.N as well as Tb.Th. For all groups except anterior bone
cores of the bisphosphonate group, a significant correlation exists be-
tween BV/TV,cr and Tb.N. No group showed a significant correlation
between BV/TV,cr and Tb.Th.

To elucidate the relation between BV/TV in the different regions
within each vertebrae, Fig. 4 displays the difference between BV/TV ,cr
in anterior and posterior normalized to the posterior BV/TV,cr:

Percental difference

= 100*(BV/TV;LCT posterior — BV/T\/}ACT anterior)/Bv/TvpCT posterior (1)

Fig. 4 displays an average percental difference between anterior and
posterior bone cores of 29.8 * 20.6% for the osteoporosis group and of
5.7 * 36.0% for the bisphosphonate group. As vertebrae with an

Table 2

Correlation analysis for BV/TV,cr and Tb.N showed significant coefficients of
correlation for anterior and posterior bone cores for the osteoporosis group and
posterior bone cores from the bisphosphonate group (marked bold), but not
anterior bone cores from the latter. There were no significant correlations be-
tween BV/TV,cr and Tb.Th.

Trab. core position/group  Correlation BV/TV,,cr &

Tb.N

Correlation BV/TV,cr &
Tb.Th

Anterior/osteoporosis
Posterior/osteoporosis
Anterior/bisphosphonate
Posterior/bisphosphonate

R = 0.850, p = 0.001
R = 0.853, p = 0.001
R = 0.240, p = 0.477
R =0.957,p < 0.001

R = -0.099, p =0.773
R = -0.101, p = 0.768
R =0.508, p =0.111
R = —-0.004, p = 0.991
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Fig. 4. Percental differences between anterior and posterior bone cores ((BV/
TV|,1CT posterior ~ BV/TVHCT anterior)/BV/TVpCT posterior*loo)- Average Percental
differences are not significantly different between groups with all vertebrae
(dashed lines). When evaluating only vertebrae without directly adjacent ver-
tebral fractures, average percental differences (dotted lines) are significantly
lower in the bisphosphonate group (p = 0.010).

adjacent fracture would experience a different loading scenario, these
were recorded in our study. In the osteoporosis group, one vertebrae
showed a directly adjacent biconcave fracture. In the bisphosphonate
group, two vertebrae showed directly adjacent wedge fractures. If
vertebrae with adjacent vertebral fractures are removed from the da-
taset (1 from OP, 2 from BP), the percental differences change to
32.0 £ 20.4% and — 3.3 = 33.3%, respectively for the osteoporosis
and bisphosphonate group. These average percental differences be-
tween anterior and posterior bone cores from vertebrae without ad-
jacent fractures (10 for OP, 9 for BP) are significantly different
(p = 0.010, Mann-Whitney-U).

3.3. Compression testing of trabecular bone cores

Differences in maximum force Fy,.x could be attributed to microCT-
derived BV/TV,cr. Statistical evaluation showed significantly lower
maximum forces for anterior bone cores compared to posterior bone
cores for the osteoporosis group (Fig. 5 A). Despite these differences,
variations in maximum force depended mainly on BV/TV,cr. When
pooling results for all bone cores, the overall coefficient of determina-
tion for Fp,« as the dependent and BV/TV cr as the predicting variable
corresponds to R? = 0.671 (p < 0.001) (Fig. 5B).

Stepwise multi-regression analyses revealed that after inclusion of
BV/TV,cr neither Tb.N nor Tb.Th could be included as significant
predictors into a regression model for the prediction of Fp.y. For the
posterior bone cores in the bisphosphonate group, the combination of
Tb.Th and Tb.N yielded a higher coefficient of determination
(R34 = 0.932, Table 3) compared to BV/TV,cr alone (R34 = 0.588) if
only Tb.Th and Tb.N were included as predictors for the stepwise multi-
regression analysis.

4. Discussion & conclusion

Our study investigated regional variations in vertebral bone of an-
tiresorptive-treated cases, where treatment stimulated preservation of
microstructure, and of age-matched osteoporotic controls. While the
treatment-naive osteoporotic women displayed an unequal distribution
of bone volume within vertebrae with a structurally and mechanically
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Fig. 5. A: When testing bone cores from the osteoporosis group (OP) higher
maximum forces during compression were reached for posterior bone cores
than for anterior bone cores, *p < 0.05. The bisphosphonate group (BP) did
not display significant differences. B: Measured maximum forces were de-
termined by BV/TVycr (p < 0.001).

Table 3

Coefficients of determination from stepwise multi-regression analysis. ! One
anterior bone core from the osteoporosis group fractured during preparation for
compression testing (BV/TV,cr = 2.59%).

Stepwise multi-regression with Fy,,x as dependent
variable

Trab. core position/group Pred: BV/TV,cr, Tb.N, Pred: Tb.N, Tb.Th

Tb.Th

Anterior/osteoporosis R2q = 0.932, p < 0.001 R34 = 0.746, p = 0.001

n=10 (incl.: BV/TV,cr) (incl.: Tb.N)
Posterior/osteoporosis Rgdj = 0.411, p = 0.020 Not significant
n=11 (incl.: BV/TV,cr) (both variables

excluded)
Not significant
(both variables

RZ4 = 0.474, p = 0.011
(incl.: BV/TV,cr)

Anterior/bisphosphonate
n=11

excluded)
Posterior/bisphosphonate Rgdj = 0.588, p = 0.004 dej = 0.932,
n=11 (incl.: BV/TV,cr) p < 0.001

(incl.: Tb.N, Tb.Th)

weaker anterior region compared to the posterior region, the analyzed
bisphosphonate-treated group did not display the same regional dif-
ferences.

In the examined osteoporotic vertebrae, the anterior trabecular
bone had a lower bone volume, lower number of trabeculae and con-
sequently a lower load-bearing capacity. This is in agreement with
several microCT-based studies on the heterogeneity of the vertebral
trabecular compartment [11-14]. Moreover, the lack of stiffness in the
anterior part appears in the failure region of one of the most common
atraumatic vertebral fracture types [21], the wedge fracture, where the
anterior region collapses.

Pollintine et al. found that vertebral load distribution changes with
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disc degeneration during aging [22]. While the load in young lumbar
spines is equally distributed between the anterior and the posterior
region of the vertebra, during aging the load shifts towards the pos-
terior regions of the vertebrae, effectively unloading the anterior region
in erect spinal position [23]. Following Wolff's law, the anterior bone is
thus more likely to be resorbed. This was shown by Sandor et al. for
medial bone sections of lumbar vertebrae [24]. In addition, adminis-
tered bisphosphonates bind to hydroxyapatite crystals in bone [25] and
therefore predominantly bind to bone surfaces undergoing bone re-
modeling, where due to removal of the collagen matrix a high amount
of hydroxyapatite is available for binding [26]. Considering the binding
of bisphosphonates to sites of bone remodeling and that bone re-
modeling is more likely to occur in the anterior vertebra, the anterior
vertebral bone is a realistic target for preferential bisphosphonate
binding.

With aging, Gong et al. showed that the loss in apparent elastic
modulus (69y vs. 62y) is as high as 48% for anterior vertebral bone, while
it remains constant in posterior bone [27]. This loss of mechanical com-
petence in the anterior bone of osteoporotic vertebrae is further ex-
acerbated by higher momentary loads on the anterior bone during
bending [23], ultimately increasing the risk for fracture. In contrast, in
bisphosphonate-treated women, bone resorption by osteoclasts is reduced.
Due to selective binding of bisphosphonates to available hydroxyapatite in
resorption sites, reduction of resorption should predominantly affect the
anterior bone, where without therapeutic intervention more bone loss
occurs during aging than in other regions [24].

Selective binding of bisphosphonates to the anterior region could
explains the apparent partial preservation of trabecular bone volume in
the anterior region observed in our study. Considering the similar
number of trabeculae for anterior bone cores from both treatment
groups and that they are both significantly lower than in the corre-
sponding posterior regions (Fig. 3B) may indicate that the even BV/
TV,cr in anterior and posterior bone cores in the bisphosphonate group
is due to thicker trabeculae in the anterior region. As our data does not
show differences in trabecular thickness between regional groups, likely
due to relevant regional differences along the vertical axis of the ver-
tebra [13], we pooled results for anterior and posterior bone cores for
each group. For pooled regions, we found a significantly higher trabe-
cular thickness for the bisphosphonate group compared to the osteo-
porosis group. Therefore, theoretically, increased trabecular thickness
in the bisphosphonate group might contribute to the observed lack of a
significant difference between anterior and posterior in this group.
However, further confirmation with additional experiments is neces-
sary.

The observed lower percental difference in BV/TV cr between
anterior and posterior bone cores without adjacent fractures might in-
fluence the internal vertebral load distribution and could reduce the
susceptibility to wedge fractures. Considering the likely preferential
binding of bisphosphonates to the anterior region and the here observed
lower percental difference in bone volume between regions, bispho-
sphonate treatment theoretically has the potential to preserve bone in a
region-specific manner. This would point to the deposition or pre-
servation of bone where it is most needed to avoid wedge fractures (i.e.
the anterior region of the vertebra). This could contribute to reducing
fracture risk more efficiently in vertebrae than in other potential frac-
ture sites of the body.

Our study has a few limitations. First, our analysis does not account
for the contribution of cortical bone to the vertebral load bearing ca-
pacity. Whether the thin cortical shell (approx. 290 um in the lumbar
spine [28]) of vertebrae is also affected by a regional variation of bi-
sphosphonate efficacy and how this interacts with the observed dif-
ferences in trabecular bone remains to be investigated. Second, while
the power for regional BV/TV ¢t comparisons in the osteoporosis group
is good (P = 0.95), due to the high standard deviation of the BV/TV,cr
values from the bisphosphonate group, there remains a risk of a type II
error for the analysis of this group.
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Our analyses showed considerable variation within our experi-
mental groups, specifically in the bisphosphonate group.
Interindividual differences that might contribute to this variation are
e.g. anatomical posture, which might in turn be related to fracture
status, physical activity or BMI [29], or in the case of the treatment
group differences in drug response and adherence. While literature
reports on the relation of BMI and lumbar curvature are conflicting
[30-32], lumbar fractures are related to a decreased lumbar lordosis
[33]. Therefore, with present lumbar fractures and a correspondingly
decreased lumbar lordosis, the loading scenario for the remaining intact
vertebrae should change. This is also reflected by our data from the
bisphosphonate group, as the two vertebrae with directly adjacent
wedge fractures presented a percental difference in BV/TV ¢t between
anterior and posterior bone cores above the 95th percentile of the
vertebrae without adjacent fractures. Our retrospective study did not
allow an assessment of drug adherence, thus we cannot exclude the
possibility that a potential variation in adherence could be an addi-
tional factor regarding intragroup variation. Although the fracture risk
reducing efficacy varies between bisphosphonates, the drugs used in
this study (alendronate, risedronate, ibandronate) have a comparable
fracture risk reducing effect on vertebral fractures [3,34]. Therefore,
the inclusion of these three different drugs can be ruled out as a con-
founding factor to the intragroup variance.

In conclusion, our study points towards an additional pathway for
fracture risk reduction. Here, an apparent preservation of anterior bone
volume and trabecular thickness through bisphosphonates may con-
serve regional load-bearing capacity reducing the risk of regional
overloading and thus making fracture initiation less likely. The tar-
geting of the vulnerable anterior vertebra due to selective binding of
bisphosphonates in resorption areas may be a confounding factor for
explaining the higher efficacy of bisphosphonates in reducing fracture
risk in the spine compared to other fracture sites. While such potential
drug-specific effects on intravertebral heterogeneity should be taken
into account when developing treat-to-target goals for osteoporosis
treatment, further insight into other confounding factors such as
changes in loading with prevalent fractures is needed.
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