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Trabecular bone fracture is a traumatic and localized event studied worldwide in order to
predict it. During the years, researchers focused over the mechanical characterization of
the trabecular tissue to understand its mechanics. Several studies pointed out the very
local nature of the trabecular failure, finally identifying the fracture zone with the aim to
study it separately. The complexity of the three-dimensional trabecular framework and the
local nature of the fracture event do not allow the direct evaluation of a single trabecula’s
behavior within its natural environment. For this reason, micro-Finite Element Modeling
has been seen as the best way to investigate this biomechanical issue. Mechanical strain
analysis is adopted in the literature for the identification of micro fracture using criteria
based on principal strains. However, it was never verified if the fracture zone is actually
the zone where principal strains are concentrated. Here, we show how the maximum
strain of the tissue might not be directly correlated to the fracture. In the present work,
a previously validated technique was used to identify the fracture zone of 10 trabecular
specimen mechanically tested in compression and scanned in micro-CT before and after
the mechanical test. Before-compression datasets were used to develop 10 micro-FE
models were the same boundary conditions of the mechanical test were reproduced.
Our results show how the known linear behavior of the trabecular framework might
not be directly related to the development of the fracture suggesting other non-linear
phenomenon, like buckling or microdamage, as actual cause of the traumatic event. This
result might have several implications both in micro-modeling and in clinical applications
for the study of fracture related pathology, like osteoporosis.

Keywords: micro-CT, micro-FEM, trabecular bone, fractures, bone, micro strain

INTRODUCTION

Mechanical characterization of trabecular bone is an issue studied since several years due to its
relationship with several musculo-skeletal pathologies (Crane et al., 1990; Aerssens et al., 1997; Silva
and Gibson, 1997; Goldring, 2009; Kijowski et al., 2012; Milovanovic et al., 2012; Djuric et al., 2013).

The principal way to investigate trabecular bone biomechanics is the mechanical testing of tis-
sue specimens (Helgason et al., 2008). The most common procedure includes the extraction of the
specimens from different anatomical sites, embedment in endcaps to avoid toe-artifacts during the
measurement, and finally mechanical test in compression using an axial testing machine. Even if
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this introduced procedure is still today considered the golden
standard for mechanical studies of trabecular bone behavior, it
clearly presents several limitations.

First of all, the test described is a destructive one; therefore, it
can only be applied once for each specimen. This limits also the
number of measurements that can be taken for each specimen;
typically, Young modulus, yield, and ultimate stress. Moreover,
these values can be related only to global characteristics of the
specimen without any insight of the internal and local behavior
of the tissue. This is a strong limitation since the trabecular
framework is a complex structure, and its failure passes through
local damage of the structure followed by the development of the
fracture. In this process, the local morphology of the bone plays
a relevant role.

The 3-dimensional morphology of trabecular microstructure
can nowadays be investigated by means of micro-tomography
(micro-CT). Micro-CT allows visualizing and studying the
trabecular framework performing non-destructive analysis.
Following this procedure, correlation studies of the framework
morphology with the mechanical behavior can be carried out
(Ohman et al., 2007; Nazarian et al., 2009). The combination of
the two techniques soon showed the importance of trabecular
framework heterogeneity in the evaluation of the mechanical
behavior of bone. Local analyses were suggested by several
authors with different methodologies in order to take into con-
sideration the variability of the structure in analysis (Nazarian
et al., 2006; Perilli et al., 2008; Tassani et al., 2010). The study of
local morphology leads to the study of the trabecular fracture
zone itself, aiming to investigate the specific morphology that
could explain the development of the trabecular framework
failure. A method for the identification of the trabecular fracture
zone was proposed (Tassani et al., 2012) and validated (Tassani
and Matsopoulos, 2014). Results again underlined the local and
three-dimensional nature of the fracture event identifying full
3D fracture zone having a volumetric broken fraction of about
9% (average). The morphometry identified with this procedure
allowed to successfully describe (a posteriori classification, 95.5%
accuracy) (Tassani and Matsopoulos, 2014) and predict (a priori
classification, 91.8% AUC) (Korfiatis et al., 2017) the fracture
zone of each trabecular specimen.

In this scenario, micro-Finite Element Modeling (micro-FEM)
has the potentiality to play an important role to study the local
and internal behavior of the trabecular bone. Several works were
already presented suggesting different approaches (Pistoia et al.,
2002; Nagaraja et al., 2005; Verhulp et al., 2008a; Sidorenko et al.,
2011; Zysset et al., 2013).

The most common approach of micro-FEM simulation is
probably the linear one. Even if this is clearly valid only in the
elastic stress-strain zone and cannot describe the fractures them-
selves, the resulting values are often used as predictive value of the
bone strength as reaction to external loads. Using this technique
strain and stresses of the 3D framework can be plotted and used
as estimator of the fracture initiation.

Micro-FEM models have been widely used to study the
mechanical behavior of trabecular bone at tissue level. Most of
the studies reported in the literature adopted linear elastic con-
stitutive law (Hara et al., 2002; Verhulp et al., 2006; Kim et al.,

2007; Bevill and Keaveny, 2009; Wolfram et al., 2010; Vilayphiou
etal., 2011; Torcasio et al., 2012; Gross et al., 2013; Harrison et al.,
2013; Bauer et al., 2014) to assess elastic modulus at tissue level,
to retrieve overall mechanical behavior at apparent level or finally
to study the strain distribution. A number of non-linear models
are reported in the literature, adopting both different constitutive
law and failure criteria to try to replicate the force-displacement
curve as experimentally measured at apparent level (Niebur et al.,
2000; Bayraktar and Keaveny, 2004; Verhulp et al., 2008b; Sanyal
et al., 2012; Wolfram et al., 2012; Harrison et al., 2013; Bauer
et al., 2014; Baumann et al., 2016). However, there is lack of a
clear consensus of the literature over which non-linear approach
is the most suitable and reliable in identifying the overall failure
in terms of both ultimate strain and loading curve. On the other
hand, models based on purely linear elastic constitutive laws have
been successfully proposed at both organ level [homogenized CT
based models (Schileo et al., 2008; Falcinelli et al., 2014)] and
tissue level [micro-CT based models (Pistoia et al., 2002; Hosseini
etal.,2017)]: these models adopted a principal strain based failure
criteria and identified the failure load by simply scaling the linear
model in order to reach the yielding condition in a given por-
tion of the model volume. The idea behind this approach is that
fracture is a strain driven mechanical event that can be modeled
adopting a maximum principal strain criterion.

Aim of non-linear models was mainly the identification of the
mechanical behavior of the bone tissue rather than the prediction
of the sites of fracture. It is worth here to mention that for the
purposes of the latter aim, an independent method to identify the
fracture is required. In many studies, fracture zones are identi-
fied by visual inspection over the complex three-dimensional
trabecular framework. Consequently, the whole procedure is
time-consuming and operator-dependent, possibly inducing a
considerable bias in the analysis and, therefore, not applicable to
large scale analysis. Damage localization has been proposed by
Nagaraja et al. (2005) who studied the occurrence of microdam-
age events in quasi-static uniaxial compression of trabecular bone
using linear elastic micro-CT finite element models and regis-
tered histological sections. On the other hand, Hambli (2013)
proposed an isotropic micro-FEM coupled to a damage law to
predict apparent failure properties of human trabecular bone
under quasi-static uniaxial compression. The results were visu-
ally validated against the micro-CT images of the same specimen
mechanically tested showing good correspondence. The work
presented an interesting tool for the description of the fracture
propagation leaving an open question: are linear micro-FEM
good tools for the identification of fracture regions?

It is clear that micro-FEM cannot describe the propagation of
trabecular fracture without the aid of the damage law; nonethe-
less, the identification of a good correlation between stiffness and
bone strength can be considered a reasonable basis to predict the
mechanical behavior of the trabecular framework and to identify
the initiation of the fracture event.

Aim of the present study is to check whether a correspondence
exists between the regions where fracture has been identified and
regions where principal strains values are higher in linear finite
element models. This correspondence will be validated using
a full3D and user-independent automatic technique. In other
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words, aim of the study is to verify the consistency of the basic
assumption (i.e., principal strain concentration as indicator of
bone failure initiation) made by many studies that identified bone
fracture by means of principal strain analysis based on linear
elastic models.

MATERIALS AND METHODS

This study is partially based on the analysis of data previously
collected during the European projects Living Human Digital
Library (LHDL; IST-2004-026932) and MOSAIC (PIEF-GA-
2009-253924), and none of the authors had access to identifiable
patient information. For this reason, an ethics approval for the
present study was not required as per institutional and national
guidelines and regulations. Micro-CT images were produced by
Laboratorio di Tecnologia Medica, Istituto Ortopedico Rizzoli,
Bologna, Italy, with the financial support of the EU project LHDL
(IST-2004-026932). The authors only had access to anonymized
images.

The whole data collection procedure is here briefly sum-
marized. Four femora and four tibiae were obtained from two
female cadavers (72 and 78 years old) without skeletal disorders
by means of a donor program during the LHDL European
project. The samples had been embalmed using the modified
Dankmeyer’s method (Van Sint Jan and Rooze, 1992; Ohman
etal., 2008). Tibiae and femora were cut into slices perpendicular
to the longitudinal axis of the bone. The epiphyses were cut into
26-mm slices. A number of cylindrical trabecular specimens,
with a diameter of 10 mm, were then extracted (Tassani et al.,
2011). All specimens were scanned by means of a micro-CT
(model Skyscan 1072, Bruker microCT, Kontich, Belgium) with
an isotropic voxel size of 19.5 um, using a previously published
protocol (Perilli et al., 2007a,b). All specimens were loaded to
failure (displacement control, strain rate 0.01 s™', model Mini
bionix 858, MTS Systems Corp., Minneapolis, MN, USA). Each
specimen was cemented directly onto the testing machine. The
free length of each specimen was 20 mm (Ohman et al., 2007;
Perilli et al., 2008; Tassani et al., 2010). The same acquisition pro-
cedure was performed both before (pre-failure dataset) and after
the mechanical testing (post-failure dataset). In each set, the final
analyzed volume of interest (VOI) was a cylinder of 991 micro-
CT cross sections (slices) equal to 19.3 mm height and 9 mm in
diameter (Perilli et al., 2008). A fixed threshold was used for the
segmentation of trabecular structure from marrow [GV = 143,
established in a previous comparison between segmented dataset
analyses and histological sections, on trabecular bone specimens
adopting the same micro-CT settings (Ohman et al., 2007; Perilli
et al., 2007b)]. The fracture zone was identified using a two-step
registration method already described in the literature (Tassani
et al., 2012; Tassani and Matsopoulos, 2014). The trabecular
fracture zone was defined as the region presenting brittle fracture
or plastic deformation of at least one trabecula. Briefly, the two
steps 3D registration was implemented with the aim to highlight
differences between the pre- and post-failure datasets due to
mechanical testing. For each slice, each disconnected trabecula
lying on the slice in the pre-failure dataset is compared to the
same trabecula in the post-failure dataset. Each trabecula of each

slice of each dataset was classified as broken if the trabecula of
the pre- and post-failure datasets had an overlap inferior of a
threshold of 30% [the value of the threshold was identified during
the validation study reported in Tassani et al. (2012)]. In order to
identify a “full 3D” fracture zone, a morphological 3D dilation
procedure was used to calculate a VOI around each broken tra-
becula. Each VOI was dilated in every direction by 25 px [about
0.50 mm in radius, according to Nazarian et al. (2006)]; thus, an
ellipsoidal VOI centered on the broken trabecula was obtained.
When trabeculae were closer than 50 px in any direction (25 for
each ROI), the VOIs fused creating a single VOL.

In the present study, 10 specimens were selected and for each of
them a micro-FEM was developed. The specimens were selected
based on the dimension of the identified fracture zone to explore
its relation to the deformation of the trabecular framework.
Specifically, five specimens with a fracture zone larger than 10%
and five with a fracture zone smaller than 1% of total specimen
volume were selected.

Micro-FEM Development

A voxel-based Finite Element model was built from segmented
micro-CT datasets by direct conversion of voxels in hexahedral
Finite Elements. Fixed global threshold was adopted.

Boundary conditions were imposed to replicate the uniaxial
compression test: all the nodes lying on the lower surface were
fully constrained; all the nodes belongings to the top slices were
imposed vertical displacement corresponding to 0.5% of apparent
axial strain for the whole specimen and no transverse displace-
ment were allowed.

The material of the trabecular structure was assumed homo-
geneous and isotropic with a linear elastic constitutive law. Thanks
to the linearity of the model and to the purely cinematic nature
of the studied problem (essential boundary conditions imposed
studying the output strains), a conventional value for the Young’s
modulus (1 GPa) was considered. Poisson’s ratio was assumed 0.3.

The solution of each model was obtained using the fully par-
allel micro-FE linear solver based on octree ParOSol (Flaig and
Arbenz, 2012) using 20 parallel processes on Sciama HPC cluster
of the Institute of Cosmology and Gravitation of the University
of Portsmouth. Compression and tension principal strains were
then computed at the centroid of each voxel.

Principal Strains Analysis: Maximum
Strain Identification

To remove artifacts related to single high-strain voxels and in
the boundary elements of the rough voxel-based surfaces, an
erosion procedure (1 px), followed by a 3D median filter (kernel
3 px X 3 px X 3 px) were applied to all the generated datasets
(Image] 15.1n Wayne Rasband National Institutes of Health,
USA). The new datasets were mapped back on a 256 gray values
colormap of a typical 8-bit micro-CT dataset reconstruction.
Maximum strains were identified in both compression and
tension datasets as the maximum 5% of strain range in each speci-
men (95% to maximum strain). For each dataset, all the voxels
included in the maximum strain criteria were labeled. Starting
from these voxels, a procedure similar to the one described for
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the identification of the full 3D fracture zone, was applied for
the identification of the maximum strain zone (CtAn, Bruker
microCT, Kontich, Belgium).

For each slice, each disconnected trabecula lying on the slice
was analyzed. The whole trabecula including the maximum
strain pixel was identified as “maximum strain tissue.” In order to
identify a “full 3D” max strain zone, a morphological 3D dilation
procedure was used to calculate a VOI around each max strain
trabecula. Each VOI was dilated in every direction by 25 px [about
0.50 mm in radius, according to Nazarian et al. (2006)]; thus an
ellipsoidal VOI centered on the broken trabecular was obtained.
When trabeculae were closer than 50 px in any direction (25 for
each ROI), the VOIs fused creating a single VOI.

Finally, three zones were identified and compared to each
other, in each specimen: whole specimen, fracture zone, and
maximum strain. The analysis was performed over both com-
pression and tension strains. However, while fracture zone was
a constant region, independent of the kind of strain, maximum
compression and maximum tension led to the identification of
two different regions. Once identified, the maximum strain zones
were visually compared to the fracture zone.

Principal Strains Analysis: Comparison

of Strains
A two-way ANOVA for repeated measurements was implemented
to test the influence of both “within” and “between” factors over
the strain distribution. The identified region was defined as within
factor to analyze since each specimen was compared against itself.
The region factor presented three categorical levels; whole speci-
men, fracture zone, and maximum strain zone. The “between”
factor was the kind of stress generated with two levels defined;
compression and tension. Kind of stress was not a within factor
since the regions of tension and compression were different in
each specimen. A post hoc test with Bonferroni correction for
multiple testing was used to evaluate the statistical differences
among the three levels of the region factor.

The whole statistical model was used to evaluate the effect
of the two defined factors and their interaction on the absolute
values of the strains.

RESULTS

Global strains showed to be generally homogenous with fluc-
tuations given by the complexity of the trabecular framework
(Figure 1). Fracture regions and maximum strain regions, both
compression and tension, are shown in Figure 2 for low fracture
volume specimen and in Figure 3 for high fracture volume speci-
mens. The location of the maximum strain regions show no direct
relation to the fracture zone.

The strain distributions in the whole specimen and in the
fracture region shown to be statistically different from the strain
in the maximum strain region. Strain in the fracture region was
also found higher than the average strain of the whole specimen
but lower than the ones in the maximum strain region. Average
compression and tension values for each region and kind of strain
are shown in Figure 4. No interaction between region and type

FIGURE 1 | The strain field of two specimens is shown. It appears to be
essentially homogeneous with punctual strain variations related to the
complexity to the geometry.

of strain was detected (p-value = 0.056, Greenhouse-Geisser
sphericity correction).

There seems to be no relation between the dimension of the
fracture zone and the dimension and distribution of the maxi-
mum strain regions.

DISCUSSION

The presented work led to two main results. First, the visual
analysis underlined the local nature of maximum strain. Figure 1
shows how the distribution of the strain is essentially homoge-
neous. Since the numerical model assumes the material to be
homogeneous (a strong assumption widely adopted in the high
majority of such kind of models), strain fluctuations are uniquely
related to the complexity to the geometry. Figures 2 and 3 are col-
lecting fracture and maximum strain zones for all the specimens.
It is easy to see how the maximum strain regions identified by
the proposed criterion, both in compression and in tension, are
extremely localized, very often related to few, or even one single
trabecula. In the same figures, the detail of the strain distribution
underline that often the trabecula showing maximum strain is
isolated. This result could support the hypothesis that maximum
strain can identify the specific point in which the fracture can
start and propagate. However, the same visual results allow to
compare maximum strain zones to the fracture zone of the same
specimen. The identification of the fracture zone was automatic
and completely described the 3D framework. This approach
allowed to fully compare the distribution of the strain to the
fracture zone of several specimens, without the limitation of
visual identification. The reported relation appears to be poor. In
more than half of the cases, the maximum strain zones appeared
unrelated to the identified fracture zone, therefore, rejecting the
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FIGURE 2 | Zones of maximum compression (left) and maximum tension FIGURE 3 | Zones of maximum compression (left), fracture (center), and
(right), are reported in comparison to the fracture zone (center) for the five maximum tension (right) are reported in comparison to the fracture zone
low fracture volume specimens. (center) for the five high fracture volume specimens.
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FIGURE 4 | Micro-strains in compression and traction in the three identified regions of analysis. *p-value < 0.05. **p-value < 0.005.

Whole

hypothesis that maximum strain can identify the initiation point
of the fracture. Maximum strain regions seem also unrelated to
the final dimension of the fracture.

Second, the paired analysis showed how in each specimen
the maximum strain region, both in compression and in ten-
sion, consisted of statistically higher strain, compared to both
the fracture region and the average of the whole specimen.
Particularly, the strains of the maximum strain region showed
to be almost double the ones of the fracture region; 413 + 211
pstrain max strain region and 256 + 131 pstrain fracture region
in compression, 179 + 53 pstrain max strain region and 120 + 50
pstrain fracture region in tension. Again, this result suggests how
the whole fracture zone might not develop simply following the
laws of higher strain, since the strains localized in the fracture
are much lower. On the other hand, fracture regions also showed
slightly higher strain compared to the average of the whole speci-
men (209 =+ 83 pstrain compression and 98 + 29 pstrain tension)
letting open the possibility that strain can actually play a role in
the development of the fracture. The interaction between the two
factors was rejected; however, the p-value was very close to the
threshold of 5% (p-value = 0.056). Considering the fact that only
10 specimens were analyzed, the possibility that the structure
might behave differently in compression and tension, in relation
to the fracture and max strain zone, should be further explored.

After the failure of the first trabecula the work of the whole
trabecular framework is far from over. Loads can be redistributed
and let the structure strong enough to sustain the global load.

If not, compaction of the trabecular bone creates a new shape
of the structure that can again sustain the load. Following the
concept that the biggest amount of bone can ensure a stronger
tissue, bone volume fraction has been used for several years for
bone strength prediction (Helgason et al., 2008). Nonetheless,
BV/TV was recently suggested to be a poor descriptor (Tassani
and Matsopoulos, 2014) and predictor (Korfiatis et al., 2017)
of the trabecular fracture zone. The trabecular tissue seems to
behave following the distribution of the bone in the elastic region;
however, this does not describe the event of the fracture where
non-linear events might play an important role. In the same way,
maximum strain can describe the elastic behavior of the structure;
however, failure of the framework, or even of a single trabecula,
cannot be explained by this feature.

From Kopperdahl and Keaveny (1998), non-linear behavior
in compression in slender trabeculae is dominated by buckling
instead of yielding. At least for lower bone volume fraction,
failure seems to be related to buckling occurring in regions of
trabeculae aligned with the applied load. On the other hand,
Snyder et al. (1991) demonstrated how trabecular slenderness
is negatively correlated with bone volume fraction. Miiller
et al. (1998) observed as in a rod-like architecture failure was
initiate by buckling of trabeculae followed by the collapse of the
overloaded structure. It is worth to highlight as this collapse can
results in a ductile apparent behavior due to individual response
of individual trabeculae to buckling in wet condition (Townsend
et al., 1975). On the theoretical side, Ramtani and Abdi (2005)
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formalized the framework to experimentally assess buckling in
plate-like trabeculae, focusing the relevance of this instability also
in wider structural elements. These assumptions are supported
by the results showed in the literature (Tassani and Matsopoulos,
2014), where BV/TV was shown to be lower and structure model
index higher, indicating more rod-like trabeculae, in the fracture
zone.

According to Stolken and Gibson (Gibson, 1985; Stolken and
Kinney, 2003), buckling might occur in individual trabeculae that
are not necessarily the most highly strained ones (especially if
highly slender). What is more, Eswaran et al. (2007) highlighted
how in trabecular bone initial failure may occur in regions that
result different from the regions where subsequent failure is
located.

Clearly, non-linear behavior of the trabecular framework can
also be related to the heterogeneity of the extracellular matrix
(Fantner et al., 2004; Gao, 2006; Viguet-Carrin et al.,, 2006).
Microdamage could accumulate and lead to structure failure.
According to Blanchard et al. (2013), plasticity prior to fracture
may involve nanoscale processes that in terms depend on the
nano-to-micro composition and ultrastructure of bone. In this
sense, considering homogeneous elastic modulus might limit
the here presented results. However, in previous works the tissue
mineral density was proved to be fairly constant in trabecular
bone (Tassani et al., 2011), reducing the effect of extracellular
matrix heterogeneity, and in more recent studies morphometrical
characteristics alone were enough to correctly describe (Tassani
and Matsopoulos, 2014) and predict (Korfiatis et al., 2017) in
more than 90% of the cases, the trabecular fracture zone. These
results suggest that the key to understand the mechanics of tra-
becular fracture might be more related to the micro-level of the
structure than to the nanoscale of the tissue.

Moreover, in a recently published paper, Goff et al. (2015)
studied the correlation between microdamage localization and
local strains as identified by linear micro-FE models. Even though
microdamage appears more likely to occur at the greatest tissue
level, they did not identify principal strains as a reliable predictor
of microdamage occurrence. What is more, the locations with the
greatest tissue strains appeared rarely near site of microdamage.
Once again, even if heterogeneity of the nano-structure might
play a relevant role in the definition of trabecular failure, principal
strains seems to be unrelated even at that scale.

Some limitations must be taken into consideration before
to conclude this discussion. First of all, the study takes into
consideration only 10 specimens from two donors. Even if the
specimens were selected in order to study the variety of the tra-
becular fracture zone, more specimens might be required in order
to have a more complete description. Moreover, the definition
of the maximum strain region might be considered somehow
arbitrary, even if it was chosen to be consistent with the process
for the identification of the fracture region. For convenience of
the analysis, a single value per voxel was computed at the centroid
instead of using and averaging the values at the integration points.
The imposed apparent strain was fixed at only 0.5%. Nonetheless,
thanks to the linearity of the model, even if the absolute values
of the strains would change, the relative distribution of strain is
independent from the imposed apparent strain, and therefore, the

identification of the maximum strain region would not change.
Because of the proposed linearity, the model lacks the capability
to capture geometric and constitutive non-linearities that might
alter the strain evolution pattern. Buckling it is an example of
non-linearity and is exactly what we pointed out as the most
probable origin of collapse mechanism that occurred in all the
studied specimens. Non-linear constitutive law might be the
key to the description of the trabecular fracture zone. Finally,
even though nobody seems to be worried about this point, we
acknowledge that results might exhibit some sort of dependency
on the segmentation technique implemented, since smaller and
slender trabeculae might be reduced or completely disappear if
the wrong segmentation is applied.

In conclusion, the present study shows not direct correspond-
ence between the regions where fracture have been identified and
regions where strains values are higher. Not only the identified
maximum strain regions are extremely small but also often not
related to the fracture zone, therefore, excluding the possibility to
be directly associated to the initiation zone of the fracture. This
output does not corroborate the assumption on which some work
reported in the literature based their analyses (i.e., the consistency
between strain concentration and fracture initiation, particularly
for those models that assumed a linear elastic constitutive law).
This “negative” result does not provide further insight to the
comprehension of bone mechanic while consolidate the claim
that a modeling procedure more complex must be considered
when approaching the fracture identification on bony structures.
Authors consider their outcomes to be significant mostly for
their meaning of stressing open questions, in the belief of the
importance of negative results, which are more and more difficult
to find in modern literature while they should be much more
present (Knight, 2003; Ioannidis, 2005; Fanelli, 2012).
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