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Local Analysis of Trabecular Bone Fracture
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Abstract—Assessment of bone fracture risk is the first step in
the prevention of traumatic events. In several previous study
the use of bone mineral density and bone volume fraction was
suggested for the identification of the failure zone, nonetheless
the limits of this approach were also investigated, underling the
need of other information to fully describe the failure event. In
the present study, a comparison between fracture and non-
fracture zones of trabecular bone is proposed with the aim of
analyze the local structural differences attempting to identify
the morphometrical parameters who best can describe the
trabecular fracture zone.

Eighteen trabecular specimens were extracted from the
lower limb of two donors without skeletal disorders. All the
specimens were scanned by means of a micro-CT and
mechanically tested. After the mechanical compression every
specimen was scanned again obtaining for every specimen two
datasets: pre- and post-failure. An automatic registration
scheme, comprising of a three-dimensional automatic
registration method to define the differences between the two
datasets, and the application of a criterion for defining
“broken” or “unbroken” trabeculae, was applied for the
identification of the full 3D fracture zone. The morphometrical
analysis of fracture and non-fracture zone was performed by
the study of several morphometrical parameters, such as bone
volume fraction, off-axis angle, structural model index,
connectivity density, etc. The results of the two different
structures were compared by means of a Wilcoxon non-
parametric test.

Ten out of 12 morphometrical parameters were found
statistically significantly different between fracture and non-
fracture zones, underlining the strong structural difference
between the two areas. Nonetheless, only three of them have
shown differences superior to 30%, with a reduce overlapping
of their distributions: off-axis angle, structural model index and
connectivity density. On the other hand, bone volume fraction
showed a smaller, even if significant, difference with great
overlap of the distributions, in agreement with the limits
already pointed out in the literature.

I. INTRODUCTION

ONE fracture assessment is a mandatory issue for the
prevention of traumatic events and related medical
efforts. The standard clinical analysis is based on the
estimation of Bone Mineral Density (BMD). Many studies
have indicated BMD or structural density, often referred as
bone volume fraction (BV/TV), as the principal parameter to
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determine the tissue mechanical properties [1-4]. However,
using only the BMD to identify the individuals who are
possible to suffer a fracture is not always reliable [5-7].

The assessment of bone fracture risk using only BMD
resulted in errors ranging from 20% to 40% both in in-vitro
and in clinical studies [8-10], underling the need of other
information to fully describe the failure event. A number of
specific parameters related to the identification and
prediction of a fracture zone (or zones), and of the fracture
event in general has been used in both clinical studies [5, 6,
11, 12] and in-vitro studies [9, 13-15]. In these in-vitro
studies, the local analysis of the trabecular structure was
studied and compared to the global one in order to identify
the weakest point of the structure and, therefore, the fracture
zone. The relation of some parameters to the fracture zone
was also proposed. The possibility to identify the most
significant parameters describing the fracture zone could be
of great interest for the prediction of bone fractures, but the
extensive analysis of the fracture region was always avoided
due to the time-consuming and operator-dependent nature of
the visual identification.

The relation of some parameters to the fracture zone was
also proposed. The possibility to identify the most
significant parameters describing the fracture zone could be
of great interest for the prediction of bone fractures, but the
extensive analysis of the fracture region was always avoided
due to the time-consuming and operator-dependent nature of
the visual identification.

A new methodological approach for the automatic
identification of trabecular bone fracture zone in micro-CT
datasets, after mechanical testing, was proposed in literature
and validated against the visual identification of the
operators [16].

Aim of the present study is the local analysis of trabecular
fracture zone by means of an automatic identification
scheme. The comparison of the fracture zone to the
unbroken structure was performed with the purpose to
identify the main morphometrical differences between
fracture and non-fracture zone.

II. MATERIALS & METHODS

A. Data Acquisition

Eighteen cylindrical trabecular specimens were extracted
from the lower limb of two donors without skeletal disorders
during the LHDL (IST-2004-026932) European Project [17].
All the specimens were scanned at a pixel size of 19.5um by
means of a micro-CT (model Skyscan 1072, Skyscan,
Kontich, Belgium) and mechanically tested (model Mini
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bionix 858, MTS Systems Corp., Minneapolis, MN, USA)
following a previously published protocol [9, 15, 18]. After
the mechanical compression every specimen was scanned
again in micro-CT obtaining for each one two datasets: pre-
and post-failure.

B. Identification of the Fracture and Non-Fracture Zones

An automatic registration scheme for the identification of
the full 3D broken region was applied [16].

The used method is a surface-based registration technique
which involves the determination and matching of common
surfaces of the two sets by the minimization of a distance
measure [19]. The method was applied on the pre- and post-
failure datasets of every specimen. Analytically, the 3D
registration method consists of the followings main steps:

e The application of a segmentation process for the
identification of common trabecular surfaces in both
sets, which will be then registered.

e The definition of a measure of match (MOM) that
quantifies the spatial matching between the pre- and
post-failure sets.

e The application of an optimization technique that
determines the independent parameters of the
transformation model employed, according to the
MOM.

The geometrical transformation model employed was the
rigid transformation model [20].

The 3D automatic registration method was applied as
follows. Based on the assumption that the fracture zone must
not pass through the upper and the lower edges of the
specimen, two subsets of the post-failure set were initially
defined: the upper and the lower subsets, relatively to the
fracture zone, consisting of a maximum of 50 contiguous
slices. The upper subset was formed from slices of the post-
failure set including the first upper slice of the set, up to a
randomly selected slice located above the fracture zone.
Similar procedure was performed for the identification of the
lower subset. Thus, the two subsets clearly correspond to an
“unbroken region”. Then, the proposed registration method
was applied twice: one involving the upper subset of the
post-failure dataset with the pre-failure set, and the other the
lower subset with the pre-failure set. Consequently, it is
expected that the upper and lower subset surfaces, that
clearly belong to “unbroken regions”, to coincide with the
corresponding surfaces of the pre-failure set.

In order to automatically identify the fracture zone on the
pre-failure set, every slice was classified as “broken” or
“unbroken” according to the following methodology. Every
trabecula of every slice of the pre-failure set was identified
by a Region of Interest (ROI) and compared to the
corresponding ROIs of the registered post-failure set, in
order to classify every slice as “broken” or “unbroken”.
Analytically:

e for every slice of the pre-failure set,

o for every ROI of the pre-failure set

= calculate the percentage of overlapping (in pixels)

of this ROI with the ROI of the registered post-
failure corresponding slice, after the application
of the first registration
= calculate the percentage of overlapping (in pixels)
of this ROI with the ROI of the registered post-
failure corresponding slice, after the application
of the second registration
= Take the maximum percentage of overlapping
(max_over) from both registrations:
e [f the max_over > 30%, ROI is classified as
“unbroken”
e [f the max_over < 30%, ROI is classified as
“broken”
o calculate the Broken percentage for this slice of the
pre-failure set for all ROls:
ROls that classified as "broken” o
all ROIs

The threshold for the classification of each ROI as
“broken” or “unbroken” was set to 30%, after
experimentation.

Depending on the presence or absence of misaligned
ROIs, based on the Broken Percentage criterion, each of the
corresponding pre-failure slices was labelled as a “broken
slice” or “unbroken slice”, respectively. The distribution of
misaligned ROIs was computed along the z-axis for the
identification of the broken slices and finally a median filter
with a width of 0.5mm, corresponding to 25 slices, was
applied on this distribution for noise removing. If the Broken
Percentage was different from zero, the whole slice was
classified as broken. Following the aforementioned criterion,
slices identified as broken formed a fracture zone. The result
of the Broken Percentage criterion was plotted along the “z”
axis, showing the different broken degrees for every slice of
the fracture zone. The whole process is summarized in Fig.1.

Broken Percentage =

Fig. 1. (a) Pre- and post-failure datasets. (b) Identification of the
fracture region by means of the broken percentage identification.

Finally, for every “broken” trabecula an erosion procedure
was applied for noise removing (erosion structuring element
3x3 pixels), followed by the application of a dilation
procedure (dilation structuring element 75x75 pixels)
obtaining for every “broken” trabecula and -ellipsoidal
Volume of Interest (VOI) centered on each broken trabecula.
When VOIs were close enough, they were fused creating a
single 3D VOI identifying the fracture zone. The non-
fracture zone was identified subtracting the fracture zone
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from the whole pre-failure dataset.

C. Morphometrical analysis

Morphometric parameters of the trabecular structure were
computed in order to compare the 3D structure of fracture
and non-fracture zones in every specimen. For each of the
two scenarios, the following parameters were computed:
bone volume fraction (BV/TV) [21], bone surface to volume
ratio (BS/BV), bone surface density (BS/TV), direct
trabecular thickness (Tb.Th*) [22], structure model index
(SMI) [23], connectivity density (CD) [24], normalized
fabric eigenvalues (H;, H,, Hj;), computed using the
normalisation proposed by Turner et al. [25], off-axis angle
[18], degree of anisotropy (DA)[2]. The Broken Volume,
defined as the percentage of identified fracture zone volume
on the whole dimensions of the specimen was also computed
for every specimen. For the calculation of the parameters,
the CtAnalyser software was used (CtAnalyser, Skyscan,
Kontich, Belgium).

The morphometrical results were statistically compared
between fracture and non-fracture zones using a non-
parametric paired test (Wilcoxon non-parametric test:
differences in parameters were deemed to be statistically
significant at a probability of p<0.05)

III. RESULTS

Fig. 2. (a) pre-failure dataset and (b) its decomposition in fracture
VOI (red) and non-fracture VOI (light blue) zones.

Fracture and non-fracture zones were identified for every
specimen as shown in Fig. 2.

Statistically significant difference between fracture and
non-fracture zone was found in ten out of 12 morphometrical
parameters. Only BS/TV and H2 showed not statistically
significant differences between the two zones. Nonetheless,
only 7 parameters had a difference superior to the 10% and
only three (SMI, off-axis, DA) superior to 30%. All the
results were summarized in Table I.

TABLE 1
FRACTURE AND NON-FRACTURE ZONES COMPARISON

Parameter Fracture Non-Fracture Difference % P values
BV/TV (%) 9.0 (-1.2+4.4) 10.5 (-2.0+4.1) 14% <0.001*
BS/BV (1/mm) 23.7 (-1.2+5.3) 22.9 (-2.4+2.0) 3% <0.001*
BS/TV (1/mm) 2.34 (-0.4+0.6) 2.57 (-0.5+0.6) 9% 0.058
Tb.Th (um) 159 (-22.2+8.6) 163 (-5.7+7.6) 3% 0.020*
SMI 1.87 (-0.3+0.2) 1.42 (-0.4+0.2) 31% <0.001*
CD 4.57 (-1.7+1.9) 5.25 (-1.4+2.3) 13% 0.035*
H1 0.475 (-0.037+0.031) 0.540 (-0.026+0.041) 12% 0.039*
H2 0.326 (-0.026+0.014) 0.299 (-0.038+0.030) 9% 0.184
H3 0.202 (-0.029+0.018) 0.157 (0.038+0.030) 29% 0.022%*
off-axis (°) 82.35 (-3.79+4.36) 8.95 (-2.81+6.79) 820% <0.001*
DA 2.34 (-0.3+0.6) 3.40 (-0.9+1.1) 31% 0.018*
Broken Volume 794 } R

(%)

Comparison in morphometric parameters evaluated for the fracture and non-
fracture zones. Median values (- first quartile + third quartile) are reported
(Wilcoxon non parametric test, * p<0.05).

IV. CONCLUSIONS

Aim of the present study was to investigate the
morphometrical differences between fracture and non-
fracture zone. The biggest part of the analyzed parameters
were found statistically significantly different, underlying a
strong structural difference between the two analyzed zones.
Nonetheless, only few parameters presented a relevant
percentage difference.

Many studies have indicated BMD or BV/TV, as the
principal parameter to determine the tissue mechanical
properties [1-4]. Moreover, BV/TV was also pointed out as
the principal parameter describing the local mechanical
behavior of trabecular bone [9, 13, 15]. However, a 17%
classification error occurred using only BV/TV for the
identification of in-vitro fracture zone. In the present study
BV/TV was found statistically significantly different
between fracture and non-fracture zones (p<0.001), but the
small difference in magnitude is the result of an overlapping
of the two distribution, as shown in Fig. 3.

This result mimics the situation reported in several
clinical studies where using only the BMD to identify the
individuals who are possible to suffer a fracture is not
always reliable due to overlapping of the BMD values

BV/TV
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Fig. 3. Box-plot distribution of BV/TV in fracture and non-fracture
zone.
between fracture and non-fracture subjects [5-7]. On the
other hand a strong difference was reported for the off-axis
angle. The influence of this parameter on the mechanical
behavior of the trabecular bone was already investigated in
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previous studies [15, 18]. The strong difference in the
distribution of the off-axis angle in studied zones (Fig. 4.)
suggests this parameter to play an important role in the
identification and prediction of the trabecular fracture zone.
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Fig. 4. Box-plot distribution of off-axis angle in fracture and non-fracture
zone.

Main limitation of the whole study is the numbers of
donors. A wider study must be performed before to
generalize the results.

Statistical difference in one parameter cannot be sufficient
for the correct prediction of the fracture event. In the present
study a set of 12 morphometrical parameters were analyzed.
The most of them were found statistically different but only
three of them showed a difference superior to the 30% and
are therefore suggested for the identification of the
trabecular fracture zone. Finally, the broken volume of the
fracture region was also computed. In previous studies,
where a visual identification was performed, the fracture
zone was suggested to involve half of the specimen [9, 13]
while in the present study, due to the use of the automatic
registration scheme, a smaller fracture region was suggested
(8%). This result underline the importance of the local
analysis in the study of the trabecular failure event.
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