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Osteoporosis is defined as a decrease of bone mass and strength, as well as an increase in fracture risk. It is
conventionally treated with antiresorptive drugs, such as bisphosphonates (BPs) and selective estrogen receptor
modulators (SERMs). Although both drug types successfully decrease the risk of bone fractures, their effect on
bone mass and strength is different. For instance, BP treatment causes an increase of bone mass, stiffness and
strength of whole bones, whereas SERM treatment causes only small (4%) increases of bone mass, but increased
bone toughness. Such improved mechanical behavior of whole bones can be potentially related to the bone mass,
bone structure or material changes. While bone mass and architecture have already been investigated previously,
little is known about the mechanical behavior at the tissue/material level, especially of trabecular bone. As such,
the goal of the work presented here was to fill this gap by performing cyclic tensile tests in a wet, close to
physiologic environment of individual trabeculae retrieved from the vertebrae of beagle dogs treated with
alendronate (a BP), raloxifene (a SERM) or without treatments. Identification of material properties was per-
formed with a previously developed rheological model and of mechanical properties via fitting of envelope
curves. Additionally, tissue mineral density (TMD) and microdamage formation were analyzed. Alendronate
treatment resulted in a higher trabecular tissue stiffness and strength, associated with higher levels of TMD. In
contrast, raloxifene treatment caused a higher trabecular toughness, pre-dominantly in the post-yield region.
Microdamage formation during testing was not affected by either anti-resorptive treatment regimens. These
findings highlight that the improved mechanical behavior of whole bones after anti-resorptive treatment is at
least partly caused by improved material properties, with different mechanisms for alendronate and raloxifene.
This study further shows the power of performing a mechanical characterization of trabecular bone at the level of
individual trabeculae for better understanding of clinically relevant mechanical behavior of bone.

fracture risk reduction. For instance, it has been determined that only

1. Introduction

Osteoporosis is defined as a reduction of bone mass and strength [1]
and is conventionally treated with anti-resorptive drugs, such as
bisphosphonates (BPs) or selective estrogen modulators (SERMs) [2].
These drugs reduce bone resorption [3], increase areal bone mineral
density (aBMD) [4,5] and reduce the probability of osteoporotic frac-
tures [6]. Although aBMD is commonly used as a surrogate parameter of
treatment success, an increase of aBMD alone cannot solely account for
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4% of the observed vertebral fracture risk reduction in raloxifene (a
SERM) treatment was associated with an increase of aBMD [7]. Using
animal models, the reduction of fracture risk has been linked to
improved whole bone mechanics [8,9], like larger stiffness and strength,
both for BP and SERM treatment [10-15], whereas only raloxifene
treatment increased bone toughness [11,16]. As bone is hierarchically
structured, its mechanical properties arise from the combination of bone
architecture, mass and material properties [8]. The improved properties
of BP-treated bone have been linked to an improved or at least
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Abbreviations

ALN Alendronate treatment group

CON Control treatment group

RAL Raloxifene treatment group

BP Bisphosphonate

SERM Selective Estrogen Receptor Modulator
aBMD  areal Bone Mineral density

E. Long-term stiffness

Emx Maxwell stiffness

Ey Instantaneous stiffness

D Hardening exponent

R Hardening stress

E Apparent stiffness

Cmax Maximum stress

Emax Strain at maximum stress

VAVel Elastic work

/Wpy Post-yield work

TMD Tissue mineral density

Tt.Ar. Total area of trabeculae (microdamage staining)
D.A. Damaged area of trabeculae (microdamage staining)
D.D. Damage density (microdamage staining)

maintained trabecular architecture [17-19], accompanied by increased
bone mass [10-12,14,20]. However, effects on the material properties
have been less conclusively reported [8] and seem to be differently
affected by BP and SERM treatments [21].

Thus, it is essential to perform a thorough characterization to detect
potential changes in the material properties after BP and SERM treat-
ment. These findings will enhance our knowledge about the rationale of
the observed superior whole bone mechanics. So far, most studies have
focused on the "elastic" behavior of cortical bone specimens using
nanoindentation [22-24], bending [25-27] or bone microindentation
testing [28]. Bone is a viscoelastic material [29-31] and especially
characterization of physiological relevant loading scenarios, such as
fatigue and impact [32], would be favorable. In particular, character-
ization of mechanical properties of trabecular bone tissue is needed, as
osteoporotic fractures mostly occur in the vertebrae and the femoral
neck [33], regions rich in trabecular bone. Previously, tensile tests of
individual trabeculae were mainly performed on untreated specimens,
and only one study tested samples after antiresorptive treatment [34].

The goal of the current study was to perform cyclic tensile tests of
individual trabeculae close to fracture and to use a previously estab-
lished rheological model [35] to determine elastic, viscous, yield, and
ultimate properties, as well as the loss tangent together with ultimate
strain and toughness of the tissue. Additionally, this test procedure al-
lows the induction of microdamage in a defined experimental set-up in-
situ, and, stopping experiments prior to sample failure further allows
comparison of potential differences in microdamage accumulation of
alendronate, raloxifene and control specimens. These procedures enable
testing of the hypothesis that antiresorptive treatments influence the
material properties and the damage behavior of trabecular bone.

2. Material and methods
2.1. Sample selection

Thoracic (T8-T12) vertebrae were obtained from non-
ovariectomized skeletally mature female beagle dogs (average age at
beginning of treatment: (1.3 + 0.2) years) from a previous study [11].
These animals were treated orally for 12 months with clinically relevant
doses of alendronate (ALN, 0.2 mg/kg/d), raloxifene (RAL, 0.5 mg/kg/
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d) or saline (CON, 1.0 mL/kg/d). All experiments were approved by the
Indiana University School of Medicine Institutional Animal Care and Use
Committee prior to initiating. Whole vertebrae were wrapped in tissue
soaked with Hanks balanced salt solution (HBSS, pH = 7.4) and stored at
—20 °C until testing. In total, 24 individual trabeculae were harvested
from vertebrae of five CON animals, 28 trabeculae from vertebrae of five
RAL-treated animals and 30 trabeculae from vertebrae of five ALN-
treated animals.

2.2. Sample preparation and mechanical testing

Vertebrae were thawed at room temperature and soft tissue was
removed with tweezers and scalpels. Samples were cut into 300 pm thick
slices with a low speed saw (IsoMet, Buehler, Germany) and bone
marrow was removed with a dental water jet (OralB, Germany). Selec-
tion, dissection and embedding of individual trabeculae were performed
as described in detail previously [36,37]. All preparation steps were
performed in HBSS (pH = 7.4) to keep samples hydrated. In brief,
trabeculae were inspected with a stereo microscope (SZX10, Olympus
Corporation, Japan) and selected for dissection if they appeared trans-
lucent and slender. However, in contrast to the previous studies [36,37]
trabeculae in the present study were much shorter (~200 pm instead of
500 pm to 1000 pm) and appeared mostly plate-shaped, instead of rod-
like. This might be attributed to different species (smaller animals have
thinner trabeculae [74]), skeletal age and different anatomical locations
(e.g. toe vs. vertebrae). Actual dissection was done with surgical scissors.
After dissection, samples were imaged with micro-computed tomogra-
phy (pCT) using a pCT100 (Scanco Medical AG, Switzerland) at a
nominal resolution of 3.3 pm (integration time 200 ms, average data 3,
voltage 55 kV, current intensity 145 pA and 1500 projections) to obtain
trabecular geometry and tissue mineral density (TMD). For TMD
determination the device was calibrated using five 6-mm-diameter hy-
droxyapatite cylinders of known density (0, 100, 200, 400, 800;
whereby 800 is measured weekly as control to ensure actual validity).
From segmented image data the trabecular geometry was determined as
follows: the cross-sectional area at the thinnest location was measured,
as trabeculae showed a curved, inhomogeneous shape. In a previous
study [371], the effect of using the mid-slice (likely the thinnest location
because of shaft curvature) and the average cross-sectional area
(trabecular volume used for strain tracking divided by shaft length) on
obtained stress was assessed. Here, stress based on the area at the mid-
slice was overestimated with the same quantity as it was underestimated
when based on the average area (compared to a linear elastic FE model).
In the current study, the smallest cross-section was used to calculate
stress (as done in Frank et al. [38]), in order to obtain the largest stress in
the trabecular struts, which is likely the location were the struts will fail
and further, were microdamage accumulation is concentrated (see
Fig. 5). After pCT imaging, the end pieces of the samples were embedded
in epoxy glue (see schematic inset in Fig. 1 — A, epoxy in yellow) using
custom made silicone chambers. The resulting sample shape is
compatible for mounting samples into the circular receptacles of the test
set-up. For tensile testing, sample alignment is crucial, which was
verified from two orthogonal planes. Before testing, samples were
rehydrated for at least 2 h by putting them into HBSS. Then, samples
were mounted in a previously established tensile test set-up [36,37]
operated with a servo-electric load-frame (SELmini - 001, Thelkin AG,
Switzerland), equipped with a 10 N load cell (HBM-S2M, Germany) with
a relative error of 0.02% at full-scale output. This test set-up allowed
testing of individual trabeculae in a wet, close to physiologic, environ-
ment, submerged in a water bath filled with HBSS. For sample align-
ment, a pre-load of 0.05 was applied, and it was verified by visual
checking, if the gap between sample and sample holder was closed, and
if a remaining pre-load was present after at least 10 s holding time (see
supplementary material for more details and Fig. S1). Further, the
alignment was also checked visually from the front view, before the
actual test was started. Deviations in pre-load were caused by small
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differences in the embedding but accounted for by linear extrapolation
of stress-strain diagrams to the origin (see supplementary material and
Fig. S§3). Cyclic tensile loading was performed with an increasing step
function (displacement rate of 0.01 mm/s, which corresponds to an
average strain rate of 0.003 s™! for the first loading cycle) as shown in
Fig. 1 — A. Testing was stopped when the trabecula showed clear stress-
whitening in its center (see Supplementary Fig. 2, Supplementary videos
1 and 2), as whitening has been associated with microdamage formation
[39]. This way, microdamage could be induced and testing of samples
stopped prior to failure.

2.3. Determination of mechanical tissue properties

Strain was determined from videography data obtained using a video
camera (UI-3250CP-M-GL, IDS GmbH, Germany) in combination with a
telescopic lens system (KITO-D zoom objective, mounted on a KITO-
ADP-0.5 adapter, Kitotec GmbH, Germany). A digital image correla-
tion algorithm was used to extract tensile strain of the trabecular strut
[36,37] (see inset in Fig. 1 — A for a trabecular strut - the cylindrical,
parallel part of individual trabeculae - with an applied speckle pattern).
Determination of tissue material properties (instantaneous modulus
(Eo), long-term modulus (E,,), yield stress (oy), hardening coefficient (p),
hardening stress (R), ultimate stress (oy), viscosity (1) and loss tangent
(tan(8), at 1 Hz)) was done using a previously published rheological
model and optimization algorithm [35]. In brief, the method is based on
a 2-layer elasto-visco-plastic rheological model (see Fig. 1 — B) consisting
of an elasto-plastic layer (Prandtl layer) and a visco-elastic layer
(Maxwell layer). Hereby, the Prandtl layer is composed of an elastic
spring with elastic modulus (E,) in series with a plastic slider, that starts
deforming upon reaching the yield stress (oy). The stress in this layer
(opr) increases exponentially (hardening coefficient (p)), until plateauing
at the ultimate stress (cy, and can be calculated as: 6, = 6y, + (6, — 0y) -
(1 — e P%), where gp is the plastic strain (¢ > ey)). The Maxwell layer is
built of an elastic spring with elastic modulus () in series with a
viscous damper with a coefficient of viscosity (i). If strain is applied in a
quasi-static manner, stress in the Maxwell layer approaches zero and the
model's stiffness is solely driven by the elastic spring in the Prandtl layer,
which can be interpreted as the long-term modulus of the material (E,).
In contrast, in instantaneous deformations, the model stiffness reaches
Epr + Emy, which can be interpreted as the instantaneous modulus (Ep).

Further, apparent stiffness (E), yield strain (€y), apparent maximum
stress (Gmax), apparent strain at maximum stress (£y,,x), apparent elastic
work (/Wel) and apparent post yield work (/Wpy) where determined on
the envelope curve to estimate material toughness and strength (see
supplementary material, for more details). Hereby, yield strain (Ey) is

A sample trabecula trabecular
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defined as the point of largest goodness of fit for a linear regression (R?)
in the linear region, as described in our previous tensile tests on indi-
vidual trabeculae [36]. Hereby, the R? value is determined as a function
of data window size; increasing the window in the linear region in-
creases the R? value (lower residuals, see inset in Fig. S3), whereas
increasing it in the non-linear region decreases the R? value (larger re-
siduals). Elastic work is the area under the curve until Ey, post yield work
from & until the final point of the test.

It should be noted that evaluations done with the rheological model
are based on engineering stress and strain, assuming geometric linearity.
In contrast, evaluations done with the envelope curve are based on true
stress and strain, as ultimate strains were in the range of 10%.

2.4. Microdamage labeling and evaluation

Microdamage labeling was done via en bloc staining with basic
fuchsin, as described previously [40]. In brief, specimens were put into
70% ethanol (EtOH) for at least 48 h after mechanical testing. Then,
samples were stained with basic fuchsin (J.T. Baker, USA) in a graded
series of increasing EtOH concentrations (80%, 95%, and 100% EtOH)
under 20-psi vacuum. The samples were stained for 2 h in each solution,
where each solution was renewed after the first hour. Afterwards,
samples were put twice into pure 100% EtOH for 30 min each under a
20-psi vacuum to remove residual fuchsin stain. Finally, samples were
stored in 70% EtOH at room temperature. Stained samples were put onto
glass microscopy slides and embedded in epoxy glue (UHU Endfest 300,
UHU, Germany). As trabeculae were mounted on 2 mm thick epoxy
circular end pieces (previously used for mechanical testing) the
trabecular strut (see inset in Fig. 1A) was located about 1 mm below the
surface, in the center. A hand-held miller (Dremel 400, Dremel, Ger-
many) was used to remove excessive epoxy until the trabecular strut was
almost visible, and verified under a stereo microscope (SZX10, Olympus
Corporation, Japan). Next, samples were ground in two steps using
sandpapers with grit numbers of 80 and 240 until the trabecula was
reached. Then, sandpapers with grit numbers of 800, 1500 and 2400
were used each for 2 min to ensure an even, smooth surface for micro-
scopy. Using this approach, the visible layer of the trabecular strut at the
focal plane (after removal of parts of the strut) indicated an average strut
diameter of (100 + 37) pm, in comparison to a determined trabecular
thickness of (101 + 40) pm in pCT-measurements (before processing). As
such, it was assumed that approximately half of the trabecular shaft was
removed and that the central slice was investigated for microdamage
analysis (a much lower diameter at the focal plane would indicate that
only a small part of the strut would have been removed, see supple-
mentary material and Fig. S5 fur further details). This verification was
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Fig. 1. A: Cyclic loading profile. The inset shows a schematic tensile test sample glued between circular end pieces (epoxy in yellow, individual trabecula magnified
in the center — with residual bone - and trabecular strut with speckle pattern on the right). B: 2-layer elasto-visco-plastic rheological model (E,; = E: Long-term
stiffness, Eny: Maxwell stiffness, oy: Yield stress, o,: Ultimate stress, p: Hardening exponent, #: Viscosity, omoq: Model stress.). (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of this article.)
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important, since microdamage was demonstrated to occur mainly in the
center of trabecular struts [38,41], caused by an accumulation of
advanced glycation end products [41].

Microdamage visualization was done with a confocal laser scanning
microscope (CLSM, Zeiss Axiolab, Germany), operated by the Zeiss ZEN
Black software for fluorescent materials. Due to the thickness of the
trabeculae and the underlying epoxy (around 1 mm) only the surface
was accessible for 2D microdamage analysis. Images were taken with a
20x epi-fluorescent objective (EC Plan-Neouar 20x/0.50 M27) at an
excitation wavelength of 555 nm and using a rod-reflector (image pixel
size: 1.25 pm). Image analysis was done with ImageJ (1.45 s, NIH, USA).
The region of interest (ROI) was set to only contain the trabecular strut
(corresponding to the boundaries of the strain tracking area). No linear
cracks and only one cross-hatched area in one sample were visible and
diffuse damage was predominantly present. Conventionally, micro-
damage has to be distinguished from lacunae and canaliculi, however, in
the present microscopy slices, damage was so dense and intense that no
lacunae or canaliculi could be identified in the central damaged areas
(see Fig. 5). Thus, each image was segmented using the triangle
threshold (auto) method in ImageJ. Then, the damage area (D.A.) was
determined as the cumulative area of white pixels and the total area (Tt.
Ar.) as all pixels within the trabecular ROI. Damage density (D.D.) was
then computed as the ratio of D.A. to Tt.Ar.

2.5. Statistical analysis

Statistical analysis was done in SPSS (Version 26, IBM, USA). First,
results were tested for normality with both, a Kolmogorov-Smirnov test
combined with a Lilliefors Significance Correction and a Shapiro-Wilk
test. As most data was not normally distributed, a non-parametric In-
dependent-Samples Kruskal-Wallis Test (K.W.) was used to check for
significant differences among the different groups and pairwise com-
parisons were made calculating asymptotic significance (2-sided tests)
with a significance level of a = 0.05. Significant values were adjusted by
the Bonferroni correction for multiple tests. p-Values denoted with K.W.
demonstrate the p-values obtained from the Independent-Samples
Kruskal-Wallis Test.

Determination of the tissue material properties with the rheological
model may result in non-physically meaningful values (due to the fact
that it is an optimization approach). Thus, an outlier removal strategy,
based on the interquartile range (IQR) test was performed on all three
combined testing groups in two successive ways, as reported previously
[35]. First, the IQR-test was applied to the root mean squared error
(RMSE) of the fitting curve to remove overall bad computational fits.
Second, the IQR-test was also applied to each obtained material property
variable individually, to remove non-physically meaningful values.

3. Results

In total 71 tests were performed that showed a reliable deformation
behavior during video recording (27 ALN, 22 CON, 22 RAL), with an
average testing time of 164 s. However, this number also includes 7 (3
ALN, 4 CON) repeated experiments that were done with the same
samples because of sample sliding in the initial test. Here, the stress-
strain diagrams of the second trial were checked for a reliable
behavior and obtained mechanical properties remained in a reasonable
range, minimizing the risk that samples were pre-damaged in the first
trial. Sequentially, only the second trials were included, and the first
experiments were omitted. Visual inspection of obtained stress-strain
diagrams resulted in a further elimination of 10 tests (5 ALN, 2 CON,
3 RAL), mainly because of issues in optical strain tracking. Sequentially,
54 out of 71 experiments (76.1%) were used for the envelope curve-
based evaluation, to obtain the apparent mechanical properties. As the
rheological model fitting should rely on similar experimental tests, only
experiments that contained more than one loading and unloading cycle
were included as model input. This resulted in further removal of 5 data
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sets (3 ALN, 2 RAL), leaving 49 stress-strain curves for model fitting. As
such, overall bad model fittings were identified as outliers in the RMSE
and were removed (8 in total), resulting in 41 remaining curves (57.7%)
that were successfully evaluated with the rheological model (16 ALN, 13
CON, 12 RAL). Exemplary stress-strain diagrams of experiments and
superimposed ones obtained with the rheological model are illustrated
in Fig. 2, whereby selected curves were chosen to illustrate the main
observed effects of the different treatment groups (as described in the
following paragraph).

Alendronate treatment resulted in a significantly larger long-term
(E,) and instantaneous stiffness (Ep), compared to control specimens
(see Table 1 and Fig. 3). Although not significant, hardening stress (R, K.
W. p = 0.073) and ultimate stress (o, KW. p = 0.129) tended to be
larger as well. Similarly, the maximum apparent stress (Gmax) also
showed a trend of being larger in the alendronate (p = 0.103) and ral-
oxifene (p = 0.079) groups, compared to the control group. Strain at

maximum stress (£may) and post yield work (Wpy) were significantly
larger in the raloxifene group compared to control (p = 0.032 and 0.002,
respectively). Yield stress (oy), apparent yield strain (Ey), apparent

elastic work (/Vl\/el), Maxwell stiffness (Epny), viscosity (i), hardening co-
efficient (p) and loss tangent (tan(5)) were not statistically different
among the subgroups.

Mean tissue mineral density (TMD) was significantly larger in the
alendronate treatment group compared to raloxifene (p = 0.010), and
showed a trend towards larger values in comparison to control (p =
0.068, see Fig. 4 — A and top of Table 2). TMD was significantly corre-
lated with long-term stiffness (E, rs = 0.59, p = 0.045) for raloxifene-
treated trabeculae, but not for control or alendronate-treated ones. In
contrast, TMD was significantly correlated with Maxwell stiffness (Enyx,
rs = 0.83, p = 0.001) for alendronate-treated trabeculae, but not for
control or raloxifene-treated ones (see Fig. 4 — B).

No significant differences were observed in the damage area (D.A.)
or the damage density (D.D.) among the groups (see Fig. 5 — D and
bottom part of Table 2). Selected basic fuchsin stained images for
illustration of qualitatively similar microdamage accumulation are
shown in Fig. 5 — A-C. Further, the number of cycles at damage detec-
tion, e.g. occurrence of whitening, was not significantly different among
treatment groups (p = 0.69, 5 + 3 cycles for ALN and RAL, 6 + 4 cycles
for CON).

4. Discussion

To the best of our knowledge, this is the first study that documents
the effects of antiresorptive treatment on the tissue material properties
of trabecular bone via testing of individual, hydrated trabeculae in
tension. In summary, individual trabeculae showed a higher long-term
modulus, instantaneous modulus and apparent modulus after one-year
treatment with alendronate compared to control samples. In contrast,
raloxifene treatment resulted in a significantly higher post-yield work
and strain at maximum stress.

4.1. Alendronate treatment increases tissue modulus and strength

Apparent elastic modulus (E) was significantly larger (p = 0.012) in
alendronate-treated samples, compared to control. This behavior is
potentially related to a larger long-term stiffness (E,,), Maxwell stiffness
(Emy) or viscosity (). The rheological model discriminated among those
effects, indicating that long-term stiffness (E,,) was significantly larger
(p = 0.023), whereas Maxwell stiffness (Enx) remained non-significantly
greater (K.W. p = 0.171). Instantaneous stiffness Ey was also signifi-
cantly larger (p = 0.009), while viscosity was not significantly affected.
This finding is in agreement with the model predictions of Siegmund
et al. [21] and an observed increase in indentation modulus of human
trabecular iliac crest bone with increasing BP treatment duration [24].
On the contrary, the majority of previous studies found no significant
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Fig. 2. Exemplary engineering stress-strain curves of alendronate (ALN), control (CON) and raloxifene (RAL) samples. 0,04 indicates the obtained stresses from the
rheological model, 6., the calculated one from the experiment. Curves were selected to demonstrate the overall observed effects of the different treatments on the
material proeprties and number of cycles at failure (here 4 for ALN and RAL, and 5 for CON).

Table 1

Determined mechanical tissue properties after alendronate (ALN) and raloxifene (RAL) treatment, compared to control (CON). E,,: Long-term stiffness, E;,x: Maxwell
stiffness, Eq: Instantaneous stiffness, oy: Yield stress, p: Hardening coefficient, R: Hardening stress, o,,: Ultimate stress, #: Viscosity, tan(s): Loss tangent (at 1 Hz), E
Apparent stiffness, €,,c: Apparent strain at maximum stress, 6m,: Apparent maximum stress, Wa: Apparent elastic work, and Wpy: Apparent post yield work. Mean
values are indicated +standard deviation. K.W. denotes the p-value obtained with the Kruskal-Wallis test. If K.W. shows a p-value < 0.05 then the actual p-values for
group-wise comparisons are shown on the right (corrected for multiple testing). ® illustrates a significant (p < 0.05) difference to CON.

Parameter ALN CON RAL K.W. A-C A-R CR
E./GPa 1.8 +£1.1* 0.8 £0.9 1.1+1.2 0.018 0.023 0.137 1.000
Enx/GPa 1.2+0.7 0.7 £ 0.5 1.0+0.8 0.171

Ey/GPa 29 +1.3° 14+1.2 21+1.7 0.011 0.009 0.270 0.650
oy/MPa 11 £5 10£5 13+8 0.627

P 48 + 51 128 + 236 37 £ 56 0.781

R/MPa 41 + 28 35+55 20 +15 0.073

ou/MPa 55+ 31 45 + 53 32+ 14 0.129

n/GPas 6.6 +7.5 9.3+11.2 6.1 +6.6 0.645

tan(s) 0.009 + 0.005 0.008 + 0.003 0.009 + 0.003 0.467

E/GPa 2.4 +1.2°7 1.2+0.8 1.6 £1.3 0.010 0.012 0.089 1.000
Emax /% 7.7 £3.7 6.6 + 4.2 10.3 + 4.0° 0.032 1.000 0.246 0.032
Omax/MPa 67 + 28 48 + 32 70 + 30 0.049 0.103 1.000 0.079
We]/(MJ/m3) 0.07 + 0.05 0.10 + 0.09 0.07 + 0.04 0.776

— a
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Fig. 3. Boxplots of material parameters after alendronate (ALN) and raloxifene (RAL) treatment, compared to control (CON) showing either statistically significant
differences or trends close to significance. A: Long-term stiffness, B: Instantaneous stiffness, C: Ultimate stress, D: Apparent strain at maximum stress, E: Apparent
post-yield work, F: Apparent maximum stress. Actual p-values are noted with bars.
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Fig. 4. A: Tissue mineral density (TMD) of alendronate (ALN), control (CON) and raloxifene (RAL) samples. B: Correlation of Maxwell stiffness (Ey,x) with TMD, with

noted spearman rank correlation coefficients and p-values on the right.

Table 2

Tissue mineral density (TMD), total area (Tt.Ar.), damage area (D.A.) and damage density (D.D.) of alendronate (ALN, A), control (CON, C) and raloxifene (RAL, R)
samples. K.W. denotes the p-value obtained with the Kruskal-Wallis test. If K.W. shows a p-value < 0.05 then the actual p-values for group-wise comparisons are shown
on the right (corrected for multiple testing). ® illustrates a significant (p < 0.05) difference to RAL

Parameter ALN CON RAL Kw. A-C A-R C-R
TMD/(mg/cm® HA) 1294 + 53° 1260 + 47 1256 + 4 0.008 0.068 0.010 1.000
Tt.Ar./pm?> 36,526 + 12,874° 31,273 + 10,601 26,863 + 1,180 0.028 0.653 0.022 0.711
D.A./pm? 11,368 + 5,682 31,273 + 10,601 9,190 + 4,452 0.394

D.D./% 32+11 33+12 35+8 0.491

100 pm

50
40
= 30
Q20
10

Y,

1

ALN CON RAL

D

100 pm

Fig. 5. Selected microscopy images of microdamage labeled samples with basic Fuchsin of alendronate (ALN, A), control (CON, B) and raloxifene (RAL, C) samples.

D: Boxplots of damage density (D.D.).

change in tissue modulus after alendronate treatment, either in bending
experiments on cortical bone from dogs [22,42], or humans [27], indi-
vidual human trabeculae [34], or in nanoindentation experiments on
cortical canine [22] or human bone [23]. In one study, indentation
modulus was lower in cortical bone of iliac crest biopsies from
alendronate-treated women diagnosed with osteoporosis compared to
samples from osteoporotic untreated women [43], but in this study areas
of matching TMD were comparatively assessed. Moreover, indentation
and bending experiments cause undefined loading modes, consisting of a
mixture of compression, tension and shear. Tensile experiments allow a
more defined, homogeneous stress state, depending on the sample ge-
ometry and alignment.

Approaching the sub-mm length scale, Carretta et al. have shown
that material properties of individual trabeculae from the same donor/
animal and bone were significantly different between three-point
bending and tensile tests [44]. Larger tissue stiffness (in terms of E,
E. and E) may be related to an increase in TMD [45,46], but also to an
elevated amount of cross-linking in the collagen matrix [47,48]. How-
ever, it has to be stated that the collagen phase mainly affects the post-
yield properties of bone [49-51] (and stiffness to a minor degree),
whereas the pre-yield properties are mainly determined by the mineral
phase, depending on the observed scale (more pronounced at the bulk

scale, less at the tissue scale [52]). Tissue mineral density was almost
significantly larger (KW. p = 0.068) after alendronate treatment
compared to control samples. As raloxifene treatment did not show any
significant differences to control samples, RAL and CON groups were
pooled for a further TMD evaluation. Here a significant difference (p =
0.002) between ALN and this pooled control group was detected, in
accordance with previous studies of trabecular canine [10,11] and
human [34,53] bone. Thus, it appears likely that the larger TMD is
related to increased stiffness (Eg, E,, and E"), as shown previously in
trabecular porcine bone [54,55]. Surprisingly, there was no significant
correlation between TMD and long-term (E,,) or instantaneous stiffness
(Ep), but only with Maxwell stiffness (Epy, rs = 0.83, p = 0.001). This
rather high correlation of TMD and Maxwell stiffness could only be
determined by the cyclic tensile tests, combined with the evaluation of
the rheological model. Sequentially, according to the rheological model
used, only the elastic part that is activated with increasing strain-rates is
significantly correlated with tissue mineralization. It has to be
mentioned that this correlation was very weak in the control group (rs =
0.15, p = 0.65) and might be related to the large deviation of obtained
values for Ey, in combination with insignificant (p = 0.171) smaller
values compared to the other groups.

A previous study using the same beagle dog model used in the cur-
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rent study showed that alendronate treatment increased non-enzymatic
cross-linking [56] in the canine vertebrae. Further, a higher amount of
mature crosslinks was correlated to larger strength and stiffness in
compression tests of human vertebral bone cores [48]. In the current
study, stress at failure (¢,) and maximum stress (6max) showed insig-
nificant trends to larger values (KW. p = 0.129 and 0.103) after
alendronate treatment. In contrast, previous studies from bending ex-
periments on canine cortical [22,42,57] and human cortical bone [27],
and human individual trabeculae [34], reported no significant change in
tissue strength after alendronate treatment. Similarly, indentation
hardness was either decreased (human cortical and cancellous [58] and
canine cortical bone [57]), unaffected (canine cortical bone) [22] or
increased (human cortical bone) [23] with BP treatment. However,
indentation hardness is affected by several different material properties
[59]. At first sight, the significantly larger tissue stiffness and trend of
higher tissue strength with ALN found in the present study seems to
contradict most of the previous studies, reporting no significant change
in tissue modulus after alendronate treatment [22,23,27,34,42]. It may
well be, however, that the potentially improved material behavior was
counterbalanced in these previous studies by other alterations in the
tissue, like accumulation of microdamage after BP treatment [8,20]. As
tissue strength is usually determined in bending experiments on mm
sized cortical bone specimens, it is very likely that microdamage is
present in vivo in those samples. In contrast, in the present study indi-
vidual trabeculae were used for tissue testing (size of 100-300 pm). As
individual trabeculae that contain microcracks are very fragile, in
comparison to undamaged samples, we assume that only intact, un-
damaged samples were tested here. Pre-damaged specimens have been
very likely destroyed during the dissection, embedding or unmounting
procedures. Thus, it is postulated that the tissue/material indeed shows
a larger stiffness and strength after BP treatment, but this effect may be
counterbalanced at larger scales because of the presence of
microdamage.

The non-linear model of Siegmund et al. [21] further predicted a
reduced toughness at the level of individual trabeculae after alendronate
treatment. Toughness is the material's ability to absorb energy until

failure and can be split into elastic work (We) and post-yield work

(/Wpy). In the present study, neither elastic nor post-yield work were
affected by alendronate treatment. This finding is in accordance to
literature, where no change of elastic work and only a trend of lower
post-yield work was observed at the tissue scale of bending experiments
of canine cortical bone [22,42]. Similarly, Tang et al. found no signifi-
cant change of post-yield work of cortical bone with alendronate or
risedronate treatment of beagle dogs at clinical doses, but only at high
doses [57]. Decreased bone toughness has also been linked to an accu-
mulation of advanced glycation end-products (AGEs) in human cortical
bone [60,61]. As such, also the accumulation of AGEs has been reported
to increase in trabecular canine bone with BP treatment [56], but in
studies on cortical canine bone, this effect was only significant in high
dose regimes [57,62]. The amount of AGEs in the current study is likely
only moderately elevated, as clinical doses of alendronate (0.2 mg/kg)
were administered. At the whole bone level compression of canine
vertebrae indicated an insignificantly lower toughness of BP-treated
bone at clinical doses [10,11]. Interestingly, high dose regimes of
alendronate treatment of beagle dogs significantly reduced the tough-
ness in compression tests of vertebrae [14], and three-point bending
tests on ribs [15,63]. In those studies, a significant accumulation of
microdamage has been observed at clinical [11] and high-dose BP-
treatment regimens [10,12,14,15]. Interestingly, microdamage was also
significantly larger in trabecular bone cores of the femoral head in pa-
tients treated for 1-9 years with alendronate [64]. In the present study,
we aimed to induce microdamage in individual trabeculae in cyclic
tensile tests with increasing amplitudes, as described previously for four-
point bending tests on cortical bone prismatic beams [16]. Surprisingly,
we did not detect any significant change of stiffness with increasing load
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cycles (see supplementary Fig. S4), but note that data scatter was large.
In accordance to previous studies on bending experiments of cortical
beams [65] no significant difference in stiffness loss of BP-treated
samples was seen. However, previous studies suggest the fatigue life
was significantly reduced after BP-treatment [65,66]. No difference in
accumulated damage density was observed in the present study (see
Fig. 4), indicating that toughness was unaffected by alendronate treat-
ment perhaps because of a lack of pre-existing microdamage in the
trabeculae that were selected for testing. Accordingly, the number of
cycles at damage detection also was not affected by alendronate treat-
ment. The tensile modulus determined in each loading cycle (see sup-
plementary material and Fig. S4) was significantly larger for
alendronate samples in the first three loading and all unloading cycles,
in accordance to the determined increase of apparent elastic modulus
and long-term stiffness. Further, the unloading stiffness was significantly
larger than the loading stiffness in the first cycle (p < 0.001, in all
treatment groups). This finding might shed some light on the huge
variation of reported values for elastic modulus obtained from different
measurement techniques [67]. In nanoindentation elastic modulus is
determined in the unloading part, whereas it its determined in the
loading part in mechanical tests on individual trabeculae, which might
partly explain the observed gap. Further, Turunen et al. confirmed the
observed “large strains” (~10%) in tests of individual trabeculae with
synchrotron radiation X-ray tomography on compression tests of
cancellous bone and related previously smaller reported strains to too
small image resolutions [68].

4.2. Raloxifene treatment increases tissue toughness

Tissue toughness of raloxifene-treated samples was higher due to a
significantly larger post-yield work (Wpy, p = 0.002), compared to
control specimens, while elastic work (/Vl\/el) was not affected. The larger
post-yield work was mainly related to a significantly larger strain at
maximum stress (€max, p = 0.032), whereas maximum stress only
showed a trend towards larger values in RAL-group samples (Gpax, P =
0.079). In contrast, yield strain (ey) did not show a significant difference
in raloxifene-treated bone samples. These findings are in accordance
with literature, where larger tissue toughness has been related to a
significantly higher post-yield displacement, while pre-yield displace-
ment was not affected [16]. Interestingly, also ex vivo exposure of
canine and human cortical bone beams to raloxifene resulted in a larger
post-yield work without affecting elastic work [69]. The authors related
the elevated toughness to an increase in matrix bound water. We have
also shown in a previous study that removal of free and collagen-bound
water of individual trabeculae resulted in an approximately 2-fold
decreased post-yield work [36]. Further, Siegmund et al. also pre-
dicted an increase of post-yield work, associated with a larger ultimate
strain and stress in a non-linear model [21]. Although not significant,
maximum stress also tended to be larger in RAL-group samples in the
current study (K.W. p = 0.079). In contrast, no significant difference of
ultimate stress (o), which is determined with the rheological model,
was detected between RAL and CON-group samples. Previous studies
also did not find a significant difference in ultimate stress [16,69],
suggesting that tissue strength is not significantly changed after raloxi-
fene treatment. In the present study neither instantaneous stiffness (E),
nor long-term stiffness (E,,) or Maxwell stiffness (Ep,x) were affected by
raloxifene treatment. In the literature, tissue modulus has been reported
as being unaffected [69], non-significantly increased [16,70] or pre-
dicted to be decreased [21]. Thus, our findings coincidence with pre-
vious studies in the assumption that elastic modulus is not relevantly
affected by raloxifene treatment.

Induction of microdamage with cyclic tensile testing revealed
neither a significant difference in accumulated microdamage nor in
change of stiffness in subsequent cycles (see supplementary Fig. S4). In
accordance, cyclic four-point bending experiments on cortical bone
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specimens indicated no significant difference between raloxifene or
saline-treated samples, neither in accumulated microdamage, nor in
stiffness loss [16]. However, one may speculate that a larger toughness
should also increase the amount of accumulated microdamage, as shown
for hydrated trabeculae [36]. On the other hand, damage density was
found to be unchanged in vivo after one year treatment with raloxifene
in dog vertebrae [11]. In that study by Allen et al., only crack length was
significantly longer, which has been assumed to be caused by an increase
of length of previously present microcracks. In the current study, no
linear microcracks at all could be identified in individual trabeculae.
Instead, only diffuse damage was present, which has been determined as
the major damage form in tensile regions of four-point bending experi-
ments on cortical bone [71,72] and in tensile tests on individual
trabeculae [38]. As already mentioned, individual trabeculae may not
have contained pre-existing microcracks, which might explain that
damage accumulation was not affected. Although toughness was higher
in RAL-group samples, their TMD was not changed. Previously miner-
alization was also reported to be unaffected by raloxifene treatment
[11,69]. Consequently, the improved tissue material properties
(toughness) in raloxifene-treated bone are likely to be the main reason
for observed superior whole bone strength, independently of bone
mineralization (tissue mineralization and bone volume), which is in
agreement with Allen et al. [11].

4.3. Limitations

Although micro-mechanical experiments of bone tissue enhance our
understanding of changes at the material level, they also have limita-
tions, mainly related to the small size of bone specimens. First, as
trabeculae were rather small (~300 pm in length) several samples were
damaged during dissection and could not be tested. Thus, there is a
potential bias of selected trabeculae, in comparison to the whole pop-
ulation. It can be questioned how representative individual trabeculae
are for trabecular bone tissue. However, testing a large number (we
aimed for 30 samples and five animals per group) of samples should
overcome this limitation. Further, as all samples were treated in the
same way it is very unlikely that this bias was different among groups.
Nevertheless, it cannot be solely excluded that e.g. more brittle trabec-
ulae were damaged in the alendronate group. But, given that material
properties were found to be improved in that group this possibility does
not seem very likely. Trabeculae investigated in this study showed a
plate-like, rectangular cross-section with an aspect ratio of 1-3, meaning
that stress was potentially not homogeneous in the trabecular strut (see
inset in Fig. 1A) making it more difficult to capture potential differences
between control and alendronate- or raloxifene-treated samples.
Further, there is a large biological variation of the geometry and struc-
ture of individual trabeculae. Although tensile tests enable a good ma-
terial characterization, differences in the aspect ratio and length of
trabeculae may still show an influence on the derived material proper-
ties and explain at least partly the large intra-group deviations. Thus,
obtained tissue material and apparent properties may still inherit a
structural influence that could also differ among groups. As such, larger
trabeculae in the alendronate group might be more mineralized because
of their size, as TMD was shown to increase with trabecular thickness
[73]. Potentially, the effect of a larger TMD in BP treatment may be
attributed to this increase of trabecular thickness. However, the tissue
stiffness and strength is still improved at the trabecular scale and
highlights a change at the material level after BP treatment. The rheo-
logical model is only capable of using engineering stress and strain, but
ultimate strain was in the range of 5 to 10%, suggesting that true stress
and logarithmic strain would be preferential (avoiding the assumption
of small strains). However, deviations between ultimate engineering
strain and true strain were small (2.5 to 5%) and still reasonable for
ultimate stress (5 to 9%). Microdamage accumulation was used as a stop
criterion (whitening) and stained in samples that were tested close to
failure. As recognition of whitening and stopping before failure required
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training and relied on manual action of the operator, some tests could
not be stopped before failure. This may have biased the amount of
accumulated microdamage. But, evaluation of microdamage of frac-
tured samples indicated no significant difference to samples stopped
close to failure, since all samples showed around 30 to 50% damage
density in the trabecular strut.

5. Conclusions

The present study evaluated the effect of anti-resorptive treatment
on the material properties of individual trabeculae. Evaluation of these
properties with our previously developed rheological model highlighted
that trabecular bone is not purely linearly elastic, but can be well
modeled as an elasto-visco-plastic material. Treatment with alendronate
showed a greater apparent tissue elastic modulus, instantaneous as well
as long-term stiffness, and maximum stress, compared to healthy bone of
controls. In contrast, raloxifene treatment showed a larger toughness
and strain at maximum stress. These changes in the material properties
can be related to different underlying mechanisms. The larger elastic
modulus and maximum stress in alendronate-treated samples is attrib-
uted to higher TMD, whereas this was not the case for toughness and the
origin of change remains unknown. Taken together, the observed su-
perior whole bone mechanics after anti-resorptive treatment are at least
partly related to improved material properties.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.bone.2021.115995.
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