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A B S T R A C T

Purpose: Beside areal bone mineral density (aBMD), evaluation of fragility fracture risk mostly relies on global
microarchitecture. However, microarchitecture is not a uniform network. Therefore, this study aimed to com-
pare local structural weakness to global microarchitecture on whole vertebral bodies and to evaluate how local
and global microarchitecture was associated with bone biomechanics.
Methods: From 21 human L3 vertebrae, aBMD was measured using absorptiometry. Parameters of global mi-
croarchitecture were measured using HR-pQCT: trabecular bone volume fraction (Tb.BV/TVglobal), trabecular
number, structure model index and connectivity density (Conn.D). Local minimal values of aBMD and Tb.BV/TV
were identified in the total (Tt) or trabecular (Tb) area of each vertebral body. “Two dimensional (2D) local
structural weakness” was defined as Tt.BMDmin, Tt.BV/TVmin and Tb.BV/TVmin. Mechanical testing was per-
formed in 3 phases: 1/ initial compression until mild vertebral fracture, 2/ unloaded relaxation, and 3/ second
compression until failure.
Results: Initial and post-fracture mechanics were significantly correlated with bone mass, global and local mi-
croarchitecture. Tt.BMDmin, Tt.BV/TVmin, Tb.BV/TVmin, and initial and post-fracture mechanics remained sig-
nificantly correlated after adjustment for aBMD or Tb.BV/TVglobal (p < 0.001 to 0.038). The combination of the
most relevant parameter of bone mass, global and local microarchitecture associated with failure load and
stiffness demonstrated that global microarchitecture explained initial and post-fracture stiffness, while local
structural weakness explained initial and post-fracture failure load (p < 0.001).
Conclusion: Local and global microarchitecture was associated with different features of vertebral bone bio-
mechanics, with global microarchitecture controlling stiffness and 2D local structural weakness controlling
strength. Therefore, determining both localized low density and impaired global microarchitecture could have
major impact on vertebral fracture risk prediction.

1. Introduction

Osteoporosis is characterized by an increased fracture risk and op-
erationally defined using dual-energy X-ray absorptiometry (DXA)
measurement of areal bone mineral density (aBMD). It has been de-
monstrated, however, that the biomechanical evaluation of osteo-
porotic fracture risk was improved by a global approach of exploring
“bone strength”, that includes various averaged parameters of the
whole volume of interest such as bone geometry, microarchitecture and
matrix properties, rather than aBMD measurement alone (Sornay-
Rendu et al., 2005; Siris et al., 2004; Bouxsein, 2005; Lester, 2005).
Many clinical and ex-vivo studies have examined the contribution of
trabecular and cortical microarchitecture to bone biomechanics (Roux

et al., 2010; Wegrzyn et al., 2010; Wegrzyn et al., 2011; Boutroy et al.,
2005; Sornay-Rendu et al., 2007; Burghardt et al., 2011; Banse et al.,
2001; Hulme et al., 2007). Using an observational approach, Banse
et al. reported a marked heterogeneity in the vertebral trabecular mi-
croarchitectural network with the anterior region of the vertebral body
being more deteriorated compared to the posterior region (Banse et al.,
2001). In addition, the vertebral body mechanical behavior was de-
monstrated to differ along with variations in trabecular micro-
architecture within vertebral regions (Wegrzyn et al., 2010; McCubbrey
et al., 1995). Commonly, the anterior part of the lumbar vertebral body
appeared to be more strongly related to the vertebral failure load and,
probably, the best region to explore when predicting the vertebral
fracture risk (Hulme et al., 2007). Therefore, this heterogeneity of
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trabecular microarchitecture within the vertebral body suggested the
importance of local effects of structural weakness on its mechanical
behavior (Wegrzyn et al., 2010; Banse et al., 2001; Hulme et al., 2007).
Only a few biomechanical or high-resolution finite element model
studies have analyzed the mechanical effects of local variations in
trabecular microarchitecture on whole bone specimens to bring new
insights in the understanding of the interplay between local and global
microarchitecture to mechanical behavior (Nazarian et al., 2006; Perilli
et al., 2008; Costa et al., 2017; Jackman et al., 2016; Crawford et al.,
2003; Goff et al., 2015). These studies emphasized that whole bone
failure was controlled by local mechanical effects potentially attribu-
table to local structural weakness (Nazarian et al., 2006; Perilli et al.,
2008; Costa et al., 2017; Jackman et al., 2016; Crawford et al., 2003;
Goff et al., 2015). However, most of these previous studies were per-
formed on trabecular bone samples or biopsies with average measure-
ments across the whole bone specimen even though trabecular micro-
architecture is not uniformly distributed throughout a vertebra and
have not investigated local structural weakness (Roux et al., 2010;
Wegrzyn et al., 2010; Wegrzyn et al., 2011; Boutroy et al., 2005;
Sornay-Rendu et al., 2007; Burghardt et al., 2011; Banse et al., 2001;
Hulme et al., 2007).

Taken altogether, these results provide a strong rationale for ex-
ploring the contribution of local variations in trabecular micro-
architecture on the whole bone mechanical behavior. Therefore, the
aims of this study were to: 1/ evaluate local structural weakness in
microarchitecture across the whole vertebral body, 2/ compare local
structural weakness to global microarchitecture and 3/ assess how local
and global bone mineral density and microarchitecture were associated
with initial and post-fracture mechanical behavior. We hypothesized
that local and global trabecular microarchitecture was associated with
different features of bone biomechanics (i.e., elastic or plastic me-
chanical properties) and, thereby, could improve the understanding and

prediction of vertebral fracture risk.

2. Material and methods

2.1. Bone specimens and bone density assessment

Twenty-one L3 vertebrae were harvested fresh from 21 whole
lumbar spines (L1 to L5) of anonymized human donors (11 men, mean
age = 75 ± 10 years and 10 women, mean age = 76 ± 10 years),
that were already used for other types of experiments in previous stu-
dies (Roux et al., 2010; Wegrzyn et al., 2010; Wegrzyn et al., 2011).
Source of the donors was anatomic donation dedicated to education and
research. According to the French regulation, IRB approval was not
required at the time of the study. However, written informed consent of
the patients was obtained before death. L3 vertebra was chosen as a
model regarding both its anatomical location at the top of the lumbar
lordosis and with horizontal and parallel endplates in the anatomical
standing position. Therefore, the uniaxial compressive mechanical
testing performed in this study was likely to be consistent with the L3
mechanical loading in vivo. Specimens were obtained fresh and main-
tained frozen at −20 °C wrapped in a saline-soaked gauze until me-
chanical testing. The absence of prevalent fractures or significant bone
diseases (i.e., bone metastasis, Paget's disease of bone, or major os-
teoarthritis) involving the whole lumbar spine was confirmed using
high resolution lateral radiographs (Faxitron X-Ray Corporation, Lin-
colnshire, IL USA) prior to L3 dissection. Severity of lumbar osteoar-
thritis (OA) was assessed according to the Kellgren-Lawrence (K/L)
grading scale. Vertebrae with severe OA (grade 4) were excluded.
Among vertebrae included in the study, 11 (52%), 8 (38%), and 2
(10%) were graded normal, minimal, or moderate OA, respectively.
Whole vertebral body aBMD* (g/cm2) and bone mineral content
(BMC*, g) were measured using DXA (Delphi W®, Hologic, Waltham,

Fig. 1. Measurement of the local structural weakness corresponding to the two-dimensional (2D) minimum value (*) in Tt.BV/TVmin, Tb.BV/TVmin and Tt.BMDmin

across the 2D stack of slices reconstructed along the normal cranio-caudal axis of the vertebral body. A: Delimitation of the trabecular region of interest (Tb), B: total
region of interest (Tt) including cortical shell.
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MA USA) in the lateral projection through a 42-mm thick Plexiglas plate
to mimic soft tissue attenuation.

2.2. Assessment of bone microarchitecture

Three-dimensional (3D) bone microarchitecture was measured
using a high-resolution peripheral quantitative computed tomography
system (HR-pQCT; XtremeCT®, Scanco Medical AG, Brüttisellen,
Switzerland) with a nominal isotropic voxel size of 82 μm using the
standard in vivo protocol (1536 × 1536 pixels, X-ray source: 60 kV,
900 μA, plates of 0.3 mm Cu and 1 mm Al filter soft X-rays in order to
minimize beam hardening on 750 projections at 100 ms integration
time per rotation). Vertebral bodies were scanned in a plastic bag. A
phantom containing 5 rods of hydroxyapatite (HA) (0, 100, 200, 400
and 800 mg HA/cm3) embedded in a soft-tissue equivalent resin (QRM,
Moehrendorf, Germany) was used to convert attenuation values to
equivalent HA densities. The global threshold used for segmentation of
the trabecular bone (188 mg HA/cm3) tended to slightly overestimate
the trabecular structure in order to maintain intact the structure con-
nectivity at the low resolution of 82 μm. Regarding the trabecular vo-
lume of interest, three ellipsoidal regions of interest were defined on the
superior, central and inferior slices at two to four millimeters distant
from the cortices. Then, the trabecular bone volume of interest (Fig. 1A)
was automatically interpolated from these three ROIs. Concerning the
total region of interest, a custom processing script using the shrink-
wrap function (CTan, Skyscan Bruker, Aartselaar, Belgium) limited the
region of interest to the outside borders of the cortical bone. Then,
posterior arches were interactively removed to obtain the total volume
of interest (Fig. 1B). The following parameters of trabecular micro-
architecture were measured: trabecular bone volume fraction* (Tb.BV/
TVglobal, %), trabecular number* (Tb.N, 1/mm), structure model index*
(SMI) and connectivity density (Conn.D, 1/mm3). From each vertebral
body, the image stack was extracted from the HR-pQCT images and
strictly reoriented along the cranio-caudal mechanical axis corre-
sponding to the mechanical loading of the vertebral body using Data-
viewer and CTan software (Skyscan Bruker, Aartselaar, Belgium). From
two-dimensional (2D)-slices, the minimal values of BMD and BV/TV
were measured in the total (Tt) or trabecular (Tb) areas across the
image stack (Fig. 1). The following parameters associated to “2D local
structural weakness” were then defined as Tt.BMDmin, Tt.BV/TVmin and

Tb.BV/TVmin (Fig. 1).

2.3. Mechanical testing

As reported in our previous studies, vertebral bodies were main-
tained moist at +4 °C in Ashman's solution (Roux et al., 2010; Wegrzyn
et al., 2010; Wegrzyn et al., 2011). Before testing, soft tissues and
posterior vertebral arches were removed. A polyester resin interface
was applied to each endplate of the vertebral body using a device with
two moving parallel trays to achieve strict parallel surfaces for load
application. Then quasi-static uniaxial compressive testing was per-
formed on the whole vertebral body submerged in Ashman's solution at
controlled +37 °C. Mechanical preconditioning was performed prior to
testing (10 cycles with loading at 100 N and unloading at 50 N). Then,
mechanical testing was performed on the whole vertebral body in 3
phases using a screw-driven machine (Schenck RSA-250, Darmstadt,
Germany) with a constant and controlled quasi-static uniaxial com-
pressive displacement of 0.5 mm/min using a 5000-N load cell (TME, F
501 TC) and a displacement transducer mounted directly on the ver-
tebral resin endplates (Roux et al., 2010; Wegrzyn et al., 2010; Wegrzyn
et al., 2011). The initial phase compressed the vertebra to create a mild
vertebral fracture (25%-deformation). This 25%-initial deformation
corresponded to the grade I of semiquantitative (SQ1) assessment of
vertebral fractures described by Genant et al. which is the most
common grade of osteoporotic vertebral fracture at diagnosis (Genant
et al., 1993; Kopperdahl et al., 2000). During the second phase, a 30-
min unloaded period of relaxation was allowed to the vertebral body to
recover from the initial deformation (Wegrzyn et al., 2011). During the
third phase, the vertebra was compressed until failure to assess the
vertebral mechanical behavior after sustaining an initial deformation
(i.e., post-fracture mechanical behavior) (Fig. 2) (Wegrzyn et al., 2011).

The following initial and post-fracture mechanical parameters were
measured: initial and post-fracture failure load* (N), and initial and
post-fracture compressive stiffness* (N/mm) (Fig. 2).

Parameters above marked with * were already measured in prior
analyses (Wegrzyn et al., 2010; Wegrzyn et al., 2011). They are pre-
sented again so that the statistical modeling can involve all relevant
covariates.

2.4. Statistical analysis

Shapiro-Wilk tests were used to assess and confirm the normality of
all the variable distributions. Data are presented as the mean, standard
deviation, and range. The following tests were performed: 1/ unpaired
t-tests to determine differences between male and female donors, 2/
Pearson correlation coefficients to determine relationships among
variables, 3/ partial correlations with adjustment for global bone den-
sity parameters, and 4/ stepwise backward multiple regression models
to define the most relevant bone mass, global microarchitectural and
local structural weakness parameters explaining the mechanical testing
outcome. Results were considered significant if p < 0.05. All statistical
analyses were performed using IBM SPSS Statistics 22 software (IBM,
Armonk, NY, USA).

3. Results

Descriptive statistics of absorptiometry, global microarchitecture,
local structural weakness and mechanical parameters are presented in
Table 1. No significant effect of sex was detected except for BMD, which
was higher in males than in females (0.67 g/cm2 ± 0.12 versus 0.57 g/
cm2 ± 0.10, p = 0.049). No significant difference was detected be-
tween sexes in terms of vertebral heights (29.80 mm for male vs
30.66 mm for female, p = 0.53) and Archimedes' vertebral volumes
(55.73 cm3 for males vs 48.15 cm3 for females; p = 0.15). No sig-
nificant effect of age was detected except for the initial failure load
(r = −0.57, p = 0.008).

Fig. 2. Load-displacement curves illustrating the 3 phases of the L3 vertebra
mechanical testing. The black curve corresponded to the initial mechanical
compression until SQ1 fracture (25%-deformation). The grey curve corre-
sponded to the post-fracture mechanical compression performed after a 30 min-
period of unloaded relaxation.
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Bone density parameters (i.e., aBMD and Tb.BV/TVglobal) were sig-
nificantly and positively correlated with initial and post-fracture failure
load and stiffness (r = 0.54 to 0.86, p < 0.001 to 0.01) (Table 2).
Global trabecular microarchitecture parameters (i.e., Conn D, SMI and
Tb.N) were significantly correlated with initial and post-fracture me-
chanical behavior (r = 0.51 to 0.86, p < 0.001 to 0.02 for Conn d and
Tb.N; r = −0.85 to −0.66, p ≤ 0.001 for SMI) (Table 2). Local
structural weakness parameters (i.e., Tt.BMDmin, Tt.BV/TVmin and
Tb.BV/TVmin) were significantly and positively correlated with initial
and post-fracture mechanical parameters (r = 0.60 to 0.89; p < 0.001
to 0.004) (Table 2, Fig. 3). Tt.BMDmin, Tt.BV/TVmin and Tb.BV/TVmin

were also significantly and positively correlated with all the global

trabecular microarchitecture parameters (r = 0.75 to 0.96, p < 0.001)
(Table 3). Importantly, Tt.BMDmin, Tt.BV/TVmin and Tb.BV/TVmin re-
mained significantly and positively correlated with initial and post-
fracture failure load after adjustments for aBMD (r = 0.56 to 0.77;
p < 0.001 to 0.011) (Table 4).

Using stepwise backward multiple regression models, the combi-
nation of the most relevant parameters of bone mass, global micro-
architecture and local structural weakness was expressed by the equa-
tion “mechanical behavior = Tb.BV/TVglobal + Conn D + Tb.BV/TVmin

or Tt.BMDmin or Tt.BV/TVmin”. This combination showed that global
microarchitecture alone (i.e., Conn D) explained initial and post-frac-
ture stiffness (p < 0.001) when global bone mass and local structural
weakness parameters were removed from models in the second and
third backward steps. In addition, local structural weakness alone (i.e.
Tt.BMDmin or Tt.BV/TVmin or Tb.BV/TVmin) explained initial and post-
fracture failure load (p < 0.001) when global bone mass and global
microarchitecture parameters were removed from models in the second
and third backward steps (Table 5).

4. Discussion

Even though the vertebral trabecular bone is not a uniform micro-
architectural network, most of the previous studies evaluating the re-
lationship between vertebral mechanical behavior and bone micro-
architecture was based on averaged microarchitectural parameter
measurements or microrachitectural heterogeneity assessment across
whole bone specimens (Roux et al., 2010; Wegrzyn et al., 2010;
Wegrzyn et al., 2011; Boutroy et al., 2005; Sornay-Rendu et al., 2007;
Burghardt et al., 2011; Banse et al., 2001; Hulme et al., 2007; Hussein
and Morgan, 2013; Hussein et al., 2013).

The current study was the first to evaluate the effects of global and
local bone mineral density and microarchitecture on the initial and
post-fracture mechanical behavior of a whole vertebral body (Fig. 4).
The most important finding of this study was that global and local
trabecular microarchitecture were associated with different features of
bone mechanical behavior. We demonstrated that global micro-
architecture was associated with initial and post-fracture stiffness (i.e.,
elastic properties) whereas local structural weakness was associated
with initial and post-fracture strength (i.e., plastic properties). As pre-
viously reported by Liu et al., our results confirmed that global mi-
croarchitecture conditioned the elastic properties of vertebral trabe-
cular bone (Liu et al., 2006). In addition, Jensen et al. demonstrated
that, without changing the overall trabecular bone volume fraction,
bone mechanical behavior dramatically varied from a uniform to irre-
gular microarchitectural network (Jensen and Mosekilde, 1990).
Therefore, local variations in bone microarchitecture leading to local
structural weakness could be considered as a determinant factor for
predicting localized failure as reported in the current study (Jensen and
Mosekilde, 1990). Consequently, bone mass and global micro-
architecture alone should not be considered as the unique indicators of
trabecular bone mechanical competence (i.e., stiffness and strength).

The identification of the weakest link in microarchitecture and the
evaluation of its contribution to the mechanical behavior of the whole
bone specimen is therefore critical. Indeed, failure prediction could be
improved using a “weakest link of the chain” approach. Local bone
morphometry allowed identification of such “weakest” trabeculae and
improved prediction of bone strength (Müller, 2003). For instance,
Müller et al. demonstrated that a 10%-change in local trabecular
thickness accounted for a 3-fold increase in mechanical strength
(Müller, 2003). Previous ex-vivo studies also demonstrated that local
variations in trabecular microarchitecture represented a determinant
factor for localized regional failure and improved the mechanical be-
havior prediction of the whole bone specimen compared to global mi-
croarchitecture (Nazarian et al., 2006; Perilli et al., 2008; Costa et al.,
2017; Jackman et al., 2016; Crawford et al., 2003; Goff et al., 2015).
Using micro-CT, Nazarian et al. analyzed regional failure of vertebral

Table 1
Descriptive statistics of absorptiometry, global microarchitecture, 2D local
structural weakness and mechanical parameters.

mean ± SD Range

Absorptiometry (DXA)
aBMD (g/cm2) 0.62 ± 0.12 (0.36–0.80)
BMC (g) 6.79 ± 1.91 (2.96–9.68)

Vertebra morphometry
Vertebral height (mm) 30.2 ± 3.0 (26.4–37.5)
Archimedes volume (cm3) 52 ± 11 (34–80)

Global microarchitecture
Tb.BV/TVglobal (%) 13.49 ± 5.85 (3.99–23.54)
Conn.D (1/mm3) 0.61 ± 0.33 (0.11–1.28)
SMI (#) 2.61 ± 0.53 (1.47–3.33)
Tb.N (1/mm) 0.75 ± 0.16 (0.46–1.01)

2D local structural weakness
Tt.BV/TVmin (%) 17.27 ± 6.60 (6.10–29.41)
Tb.BV/TVmin (%) 8.99 ± 4.80 (2.15–18.19)
Tt.BMDmin (g/cm2) 0.085 ± 0.031 (0.023–0.148)

Mechanics
Initial failure load (N) 2615 ± 1136 (651–5481)
Initial stiffness (N/mm) 2938 ± 1585 (663–6741)
Post-fracture failure load (N) 2274 ± 892 (566–3916)
Post-fracture stiffness (N/mm) 1223 ± 556 (156–2310)

Descriptive statistics of absorptiometry, global microarchitecture, 2D local
structural weakness and mechanical parameters (aBMD: areal bone mineral
density, BMC: bone mineral content, Tb.BV/TVglobal: global trabecular bone
volume fraction/tissue volume, Conn.D: connectivity density, SMI: structure
model index, Tb.N: trabecular number, and Tt.BMDmin, Tt.BV/TVmin and
Tb.BV/TVmin: minimal values of BMD and BV/TV measured in the total (Tt) or
trabecular (Tb) areas across the whole vertebral body image stack).

Table 2
Pearson coefficients of correlation between bone mass, global micro-
architecture, 2D local structural weakness, and initial and post-fracture me-
chanical parameters.

Initial failure
load

Initial stiffness Post-fracture
failure load

Post-fracture
stiffness

Bone mass and global microarchitecture
aBMD 0.66*** 0.54* 0.72*** 0.58**
BMC 0.54** 0.41 0.60** 0.44
Tb.BV/TVglobal 0.73*** 0.65*** 0.86*** 0.84***
ConnD 0.70*** 0.69*** 0.80*** 0.86***
SMI −0.81*** −0.66*** −0.85*** −0.78***
TbN 0.51* 0.58*** 0.67*** 0.79***

2D local structural weakness
Tt.BMDmin 0.78*** 0.66*** 0.85*** 0.77***
Tt.BV/TVmin 0.81*** 0.60** 0.89*** 0.74***
Tb.BV/TVmin 0.81*** 0.66*** 0.89*** 0.79***

aBMD: areal bone mineral density, BMC: bone mineral content, Tb.BV/TVglobal:
global trabecular bone volume fraction/tissue volume, Conn.D: connectivity
density, SMI: structure model index, Tb.N: trabecular number, and Tt.BMDmin,
Tt.BV/TVmin and Tb.BV/TVmin: minimal values of BMD and BV/TV measured in
the total (Tt) or trabecular (Tb) areas across the whole vertebral body image
stack.
* p < 0.05; ** p < 0.01; *** p < 0.001
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Fig. 3. Scatter plots of global (Tb.BV/TVglobal) and local measurements (Tb.BV/TVmin) vs initial failure load.

Table 3
Pearson coefficients of correlation between bone mass, global microarchitecture, and 2D local structural weakness parameters.

aBMD BMC Tb.BV/TVglobal ConnD SMI Tb.N Tt.BMDmin Tt.BV/TVmin

BMC 0.89***
Tb.BV/TVglobal 0.79*** 0.62**
ConnD 0.73*** 0.53* 0.94***
SMI −0.55** −0.37 −0.87*** −0.78***
Tb.N 0.72*** 0.55** 0.86*** 0.94*** −0.61**
Tt.BMDmin 0.89*** 0.73*** 0.93*** 0.91*** −0.75*** 0.85***
Tt.BV/TVmin 0.83*** 0.67** 0.93*** 0.86*** −0.82*** 0.75*** 0.96***
Tb.BV/TVmin 0.72*** 0.55* 0.95*** 0.89*** −0.91*** 0.75*** 0.91*** 0.95***

aBMD: areal bone mineral density, BMC: bone mineral content, Tb.BV/TVglobal: global trabecular bone volume fraction/tissue volume, Conn.D: connectivity density,
SMI: structure model index, Tb.N: trabecular number, and Tt.BMDmin, Tt.BV/TVmin and Tb.BV/TVmin: minimal values of BMD and BV/TV measured in the total (Tt)
or trabecular (Tb) areas across the whole vertebral body image stack.
* p < 0.05; ** p < 0.01; *** p < 0.001

Table 4
Partial correlations between 2D local structural parameters and initial and post-fracture mechanical behavior adjusted for areal bone mineral density (aBMD).

Controlling variable Initial failure load (N) Post-fracture failure load (N)

aBMD g/cm2 Tb.BV/TVmin (%) r=0.64; p=0.002 r=0.77; p < 0.0001
Tt.BV/TVmin (%) r=0.63; p=0.003 r=0.75; p < 0.0001
Tt.BMDmin g/cm2 r=0.56; p=0.011 r=0.65; p=0.003

Tb.BV/TVmin, Tt.BV/TVmin and Tt.BMDmin: minimal values of BMD and BV/TV measured in the total (Tt) or trabecular (Tb) areas across the whole vertebral body
image stack

Table 5
Stepwise backward multiple regression models to define the most pertinent bone mass, global microarchitectural and local structural weakness parameters explaining
the mechanical testing outcome.

Model p values Model p values

Dependent variable Initial failure load Post-fracture failure load
1st step 1st step

Tb.BV/TVglobal 0.297 Out of model Tb.BV/TVglobal 0.971 Out of model
ConnD 0.591 ConnD 0.675
Tb.BV/TVmin 0.015 Tb.BV/TVmin 0.038

2nd step 2nd step
Tb.BV/TVglobal 0.339 Out of model ConnD 0.558 Out of model
Tb.BV/TVmin 0.014 Tb.BV/TVmin 0.002

3rd step 3rd step
Tb.BV/TVmin < 0.0001 Tb.BV/TVmin < 0.0001

Dependent variable Initial stiffness Post-fracture stiffness
1st step 1st step

Tb.BV/TVglobal 0.459 Out of model Tb.BV/TVglobal 0.687 Out of model
ConnD 0.143 ConnD 0.123
Tb.BV/TVmin 0.359 Tb.BV/TVmin 0.854

2nd step 2nd step
ConnD 0.174 Out of model Tb.BV/TVglobal 0.366 Out of model
Tb.BV/TVmin 0.576 ConnD 0.113

3rd step 3rd step
ConnD < 0.0001 ConnD < 0.0001

Tb.BV/TVglobal: global trabecular bone volume fraction/tissue volume, Conn.D: connectivity density, Tb.BV/TVmin: minimal values of BV/TV measured in trabecular
areas across the whole vertebral body image stack.
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biopsies among ten sub-regions and demonstrated that regional failure
was related to local structural weakness areas (Nazarian et al., 2006). In
the Nazarian's study, the weakest sub-region in term of minimal BV/TV
corresponded to the sub-region where failure initially occurred
(Nazarian et al., 2006). Therefore, determining the local structural
weakness within the trabecular microarchitecture would improve the
prediction of whole bone mechanical behavior (Nazarian et al., 2006).
In addition, Perilli et al. measured local variations in trabecular mi-
croarchitecture (BV/TVmin, Tb.Thmin, Tb.Spmin, Tb.Nmin) on biopsies of
human proximal femur to conclude that the evaluation of local minimal
BV/TV (i.e. BV/TVmin) improved failure prediction compared to the
global BV/TV averaged on the whole bone specimen (Perilli et al.,
2008). Importantly, the measurement of BV/TVmin was obtained and
located within the region where failure occurred (Perilli et al., 2008).
This emphasized that understanding the variations in mechanical be-
havior is improved when local minimal value of the microarchitectural
parameters are considered, rather than averaged values on whole bone
specimen. Nevertheless, these studies were performed on bone biopsies
or samples that constituted a strong limitation, as the mechanical be-
havior of trabecular bone at any site and within site is dependent of the
surrounding trabecular structure (Nazarian et al., 2006; Perilli et al.,
2008). Indeed, with very low Tb.BV/TV values as observed in lumbar
vertebrae from elderly donors, measuring 3D microarchitectural
structure in isolated sub-regions remains questionable (Fyhrie and
Schaffler, 1994; Hildebrand et al., 1999).

Compared to those studies, one of the major strengths of our study
was to analyze the whole vertebral body to identify the weak cross-
sections corresponding to the minimum value of bone density and
trabecular microarchitectural parameters (Tt.BMDmin or Tt.BV/TVmin

or Tb.BV/TVmin) to define this so-called “local structural weakness”.
The other strength was to evaluate the impact of global and local bone
mineral density and microarchitecture on the vertebral mechanical
behavior after a simulated vertebral fracture. Previously, Wegrzyn et al.
(Wegrzyn et al., 2011) demonstrated that bone microarchitecture, but
not bone mass, was associated with post-fracture mechanical behavior.
Our current study strengthened these findings demonstrating the im-
pact of “local structural weakness” not only on the initial but also on the
post-fracture mechanical behavior. In addition, this measurement of
local structural weakness was performed in re-orientated image stacks
along a normal vertebral body cranio-caudal mechanical axis to simu-
late the main loading condition of L3 vertebrae in vivo. Indeed, Sou-
zanchi et al. highlighted the importance to develop direction-dependent
assessment of bone quality approach, as the trabecular network in
whole bone specimen is oriented along with its mechanical solicitations
in vivo (Souzanchi et al., 2012).

Our study had several limitations. The first limitation is the average
age of our donors, therefore, our results might not be representative of
the general population. However, the elderly population is the most
susceptible to fragility fracture. Second, the loading mode used was
quasi-static uniaxial compression. Since many osteoporotic vertebral
fractures are anterior wedge fractures, more physiological testing con-
ditions such as a rotating plate loading scenario may be of interest
(Maquer et al., 2015). Other loading conditions that are relevant for
vertebral fracture such as cyclic fatigue, bending or shearing may have
different associations with bone mass or microarchitecture (Jackman
et al., 2016). Third, partial volume effects, at a voxel sizes of 82 μm,
could affect measurements, and a locally adaptive thresholding algo-
rithm could be preferred to the use of classical global thresholding for
microarchitecture measurements, which could increase the gap be-
tween low and high values. However, the minimal values of BV/TV
were in agreement with the nonthresholding measurements of minimal
values of BMD and most of clinical studies used global threshold.

Fourth, the imaging resolution of 82-μm did not allow adequate eva-
luation of the thin cortical shell of the vertebral bodies. Therefore, the
exact contribution of cortical shell alone to the initial and post-fracture
vertebral mechanical behavior was not specifically assessed. However,
the local structural weakness was evaluated not only on a trabecular
bone volume of interest but also on the whole vertebral body that in-
cluded the cortical shell.

In conclusion, this study was dedicated to the evaluation of the ef-
fect of global and local microarchitecture on the initial and post-frac-
ture mechanical behavior on whole vertebral bodies and demonstrated
that the global microarchitecture was associated with stiffness whereas
local structural weakness was associated with strength. Therefore, de-
termining trabecular bone regions of local structural weakness char-
acterized by localized low density and/or impaired microarchitecture
could have major structural impact on fracture risk prediction in clin-
ical practice especially with the use of high-resolution quantitative
computed tomography imaging devices.

CRediT authorship contribution statement

Jean-Paul Roux: Methodology, Investigation, Formal analysis,
Data curation, Writing - original draft, Writing - review & editing,
Validation. Stéphanie Boutroy: Methodology, Investigation, Formal
analysis, Data curation, Writing - original draft, Writing - review &
editing, Validation. Mary L. Bouxsein: Methodology, Investigation,
Formal analysis, Data curation, Writing - original draft, Writing - review
& editing, Validation. Roland Chapurlat: Methodology, Investigation,
Formal analysis, Data curation, Writing - original draft, Writing - review
& editing, Validation. Julien Wegrzyn: Methodology, Investigation,
Formal analysis, Data curation, Writing - original draft, Writing - review
& editing, Validation.

Declaration of competing interest

Jean-Paul Roux, Stephanie Boutroy, Mary L. Bouxsein, Roland
Chapurlat and Julien Wegrzyn declare that they have no conflict of
interest.

References

Banse, X., Devogelaer, J.P., Munting, E., Delloye, C., Cornu, O., Grynpas, M., 2001.
Inhomogeneity of human vertebral cancellous bone: systematic density and structure
patterns inside the vertebral body. Bone 28, 563–571.

Boutroy, S., Bouxsein, M.L., Munoz, F., Delmas, P.D., 2005. In vivo assessment of tra-
becular bone microarchitecture by high-resolution peripheral quantitative computed
tomography. J. Clin. Endocrinol. Metab. 90, 6508–6515. https://doi.org/10.1210/jc.
2005-1258.

Bouxsein, M.L., 2005. Determinants of skeletal fragility. Best Pract. Res. Clin. Rheumatol.
19, 897–911. https://doi.org/10.1016/j.berh.2005.07.004.

Burghardt, A.J., Link, T.M., Majumdar, S., 2011. High-resolution computed tomography
for clinical imaging of bone microarchitecture. Clin. Orthop. Relat. Res. 469,
2179–2193. https://doi.org/10.1007/s11999-010-1766-x.

Costa, M.C., Tozzi, G., Cristofolini, L., Danesi, V., Viceconti, M., Dall’Ara, E., 2017. Micro
finite element models of the vertebral body: validation of local displacement pre-
dictions. PLoS One 12, e0180151. https://doi.org/10.1371/journal.pone.0180151.

Crawford, R.P., Cann, C.E., Keaveny, T.M., 2003. Finite element models predict in vitro
vertebral body compressive strength better than quantitative computed tomography.
Bone 33 (2003), 744–750. https://doi.org/10.1016/s8756-3282(03)00210-2.

Fyhrie, D.P., Schaffler, M.B., 1994. Failure mechanisms in human vertebral cancellous
bone. Bone 15, 105–109.

Genant, H.K., Wu, C.Y., van Kuijk, C., Nevitt, M.C., 1993. Vertebral fracture assessment
using a semiquantitative technique. J. Bone Miner. Res. 8, 1137–1148. https://doi.
org/10.1002/jbmr.5650080915.

Goff, M.G., Lambers, F.M., Sorna, R.M., Keaveny, T.M., Hernandez, C.J., 2015. Finite
element models predict the location of microdamage in cancellous bone following
uniaxial loading. J. Biomech. 48, 4142–4148. https://doi.org/10.1016/j.jbiomech.
2015.10.023.

Hildebrand, T., Laib, A., Müller, R., Dequeker, J., Rüegsegger, P., 1999. Direct three-

Fig. 4. Density projection mapping of HR-pQCT bone mineral density illustrating areas of local structural weakness within the 21 vertebral bodies included in this
study.

J.-P. Roux, et al. Bone Reports 13 (2020) 100716

7

http://refhub.elsevier.com/S2352-1872(20)30476-9/rf0005
http://refhub.elsevier.com/S2352-1872(20)30476-9/rf0005
http://refhub.elsevier.com/S2352-1872(20)30476-9/rf0005
https://doi.org/10.1210/jc.2005-1258
https://doi.org/10.1210/jc.2005-1258
https://doi.org/10.1016/j.berh.2005.07.004
https://doi.org/10.1007/s11999-010-1766-x
https://doi.org/10.1371/journal.pone.0180151
https://doi.org/10.1016/s8756-3282(03)00210-2
http://refhub.elsevier.com/S2352-1872(20)30476-9/rf0035
http://refhub.elsevier.com/S2352-1872(20)30476-9/rf0035
https://doi.org/10.1002/jbmr.5650080915
https://doi.org/10.1002/jbmr.5650080915
https://doi.org/10.1016/j.jbiomech.2015.10.023
https://doi.org/10.1016/j.jbiomech.2015.10.023


dimensional morphometric analysis of human cancellous bone: microstructural data
from spine, femur, iliac crest, and calcaneus. J. Bone Miner. Res. 14, 1167–1174.
https://doi.org/10.1359/jbmr.1999.14.7.1167.

Hulme, P.A., Boyd, S.K., Ferguson, S.J., 2007. Regional variation in vertebral bone
morphology and its contribution to vertebral fracture strength. Bone 41, 946–957.
https://doi.org/10.1016/j.bone.2007.08.019.

Hussein, A.I., Morgan, E.F., 2013. The effect of intravertebral heterogeneity in micro-
structure on vertebral strength and failure patterns. Osteoporos. Int. 24, 979–989.
https://doi.org/10.1007/s00198-012-2039-1.

Hussein, A.I., Jackman, T.M., Morgan, S.R., Barest, G.D., Morgan, E.F., 2013. The in-
travertebral distribution of bone density: correspondence to intervertebral disc health
and implications for vertebral strength. Osteoporos. Int. 24, 3021–3030. https://doi.
org/10.1007/s00198-013-2417-3.

Jackman, T.M., Hussein, A.I., Curtiss, C., Fein, P.M., Camp, A., De Barros, L., Morgan,
E.F., 2016. Quantitative, 3D visualization of the initiation and progression of ver-
tebral fractures under compression and anterior flexion. J. Bone Miner. Res. 31,
777–788. https://doi.org/10.1002/jbmr.2749.

Jensen, K.S., Mosekilde, L., 1990. A model of vertebral trabecular bone architecture and
its mechanical properties. Bone 11, 417–423.

Kopperdahl, David L., Pearlman, Jonathan L., Keaveny, Tony M., 2000. Biomechanical
consequences of an isolated overload on the human vertebral body. J. Othop. Res.
18 (5).

Lester, G., 2005. Bone quality: summary of NIH/ASBMR meeting. J. Musculoskelet.
Neuronal Interact. 5, 309.

Liu, X.S., Sajda, P., Saha, P.K., Wehrli, F.W., Guo, X.E., 2006. Quantification of the roles of
trabecular microarchitecture and trabecular type in determining the elastic modulus
of human trabecular bone. J. Bone Miner. Res. 21, 1608–1617. https://doi.org/10.
1359/jbmr.060716.

Maquer, G., Musy, S.N., Wandel, J., Gross, T., Zysset, P.K., 2015. Bone volume fraction
and fabric anisotropy are better determinants of trabecular bone stiffness than other
morphological variables. J. Bone Miner. Res. 30, 1000–1008. https://doi.org/10.
1002/jbmr.2437.

McCubbrey, D.A., Cody, D.D., Peterson, E.L., Kuhn, J.L., Flynn, M.J., Goldstein, S.A.,
1995. Static and fatigue failure properties of thoracic and lumbar vertebral bodies
and their relation to regional density. J. Biomech. Aug. 28 (8), 891–899.

Müller, R., 2003. Bone microarchitecture assessment: current and future trends.

Osteoporos. Int. 14 (Suppl. 5), S89–S95. https://doi.org/10.1007/s00198-003-
1479-z.

Nazarian, A., Stauber, M., Zurakowski, D., Snyder, B.D., Müller, R., 2006. The interaction
of microstructure and volume fraction in predicting failure in cancellous bone. Bone
39, 1196–1202. https://doi.org/10.1016/j.bone.2006.06.013.

Perilli, E., Baleani, M., Ohman, C., Fognani, R., Baruffaldi, F., Viceconti, M., 2008.
Dependence of mechanical compressive strength on local variations in micro-
architecture in cancellous bone of proximal human femur. J. Biomech. 41, 438–446.
https://doi.org/10.1016/j.jbiomech.2007.08.003.

Roux, J.P., Wegrzyn, J., Arlot, M.E., Guyen, O., Delmas, P.D., Chapurlat, R., Bouxsein,
M.L., 2010. Contribution of trabecular and cortical components to biomechanical
behavior of human vertebrae. An ex-vivo study. J. Bone Miner. Res. 25, 356–361.
https://doi.org/10.1359/jbmr.090803.

Siris, E.S., Chen, Y.T., Abbott, T.A., Barrett-Connor, E., Miller, P.D., Wehren, L.E., Berger,
M.L., 2004. Bone mineral density thresholds for pharmacological intervention to
prevent fractures. Arch. Intern. Med. 164, 1108–1112. https://doi.org/10.1001/
archinte.164.10.1108.

Sornay-Rendu, E., Munoz, F., Garnero, P., Duboeuf, F., Delmas, P.D., 2005. Identification
of osteopenic women at high risk of fracture: the OFELY study. J. Bone Miner. Res.
20, 1813–1819. https://doi.org/10.1359/JBMR.050609.

Sornay-Rendu, E., Boutroy, S., Munoz, F., Delmas, P.D., 2007. Alterations of cortical and
trabecular architecture are associated with fractures in postmenopausal women,
partially independent of decreased BMD measured by DXA: the OFELY study. J. Bone
Miner. Res. 22, 425–433. https://doi.org/10.1359/jbmr.061206.

Souzanchi, M.F., Palacio-Mancheno, P., Borisov, Y.A., Cardoso, L., Cowin, S.C., 2012.
Microarchitecture and bone quality in the human calcaneus: local variations of fabric
anisotropy. J. Bone Miner. Res. 27, 2562–2572. https://doi.org/10.1002/jbmr.1710.

Wegrzyn, J., Roux, J.P., Arlot, M.E., Boutroy, S., Vilayphiou, N., Guyen, O., Delmas, P.D.,
Chapurlat, R., Bouxsein, M.L., 2010. Role of trabecular microarchitecture and its
heterogeneity parameters in the mechanical behavior of ex vivo human L3 vertebrae.
J. Bone Miner. Res. 25, 2324–2331. https://doi.org/10.1002/jbmr.164.

Wegrzyn, J., Roux, J.P., Arlot, M.E., Boutroy, S., Vilayphiou, N., Guyen, O., Delmas, P.D.,
Chapurlat, R., Bouxsein, M.L., 2011. Determinants of the mechanical behavior of
human lumbar vertebrae after simulated mild fracture. J. Bone Miner. Res. 26,
739–746. https://doi.org/10.1002/jbmr.264.

J.-P. Roux, et al. Bone Reports 13 (2020) 100716

8

https://doi.org/10.1359/jbmr.1999.14.7.1167
https://doi.org/10.1016/j.bone.2007.08.019
https://doi.org/10.1007/s00198-012-2039-1
https://doi.org/10.1007/s00198-013-2417-3
https://doi.org/10.1007/s00198-013-2417-3
https://doi.org/10.1002/jbmr.2749
http://refhub.elsevier.com/S2352-1872(20)30476-9/rf0075
http://refhub.elsevier.com/S2352-1872(20)30476-9/rf0075
http://refhub.elsevier.com/S2352-1872(20)30476-9/rf0080
http://refhub.elsevier.com/S2352-1872(20)30476-9/rf0080
http://refhub.elsevier.com/S2352-1872(20)30476-9/rf0080
http://refhub.elsevier.com/S2352-1872(20)30476-9/rf0085
http://refhub.elsevier.com/S2352-1872(20)30476-9/rf0085
https://doi.org/10.1359/jbmr.060716
https://doi.org/10.1359/jbmr.060716
https://doi.org/10.1002/jbmr.2437
https://doi.org/10.1002/jbmr.2437
http://refhub.elsevier.com/S2352-1872(20)30476-9/rf0100
http://refhub.elsevier.com/S2352-1872(20)30476-9/rf0100
http://refhub.elsevier.com/S2352-1872(20)30476-9/rf0100
https://doi.org/10.1007/s00198-003-1479-z
https://doi.org/10.1007/s00198-003-1479-z
https://doi.org/10.1016/j.bone.2006.06.013
https://doi.org/10.1016/j.jbiomech.2007.08.003
https://doi.org/10.1359/jbmr.090803
https://doi.org/10.1001/archinte.164.10.1108
https://doi.org/10.1001/archinte.164.10.1108
https://doi.org/10.1359/JBMR.050609
https://doi.org/10.1359/jbmr.061206
https://doi.org/10.1002/jbmr.1710
https://doi.org/10.1002/jbmr.164
https://doi.org/10.1002/jbmr.264

	Local and global microarchitecture is associated with different features of bone biomechanics
	1 Introduction
	2 Material and methods
	2.1 Bone specimens and bone density assessment
	2.2 Assessment of bone microarchitecture
	2.3 Mechanical testing
	2.4 Statistical analysis

	3 Results
	4 Discussion
	CRediT authorship contribution statement
	Declaration of competing interest
	References




