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A B S T R A C T   

Hip fractures following a low-impact fall are common in the elderly. Finite element (FE) models of the proximal 
femur can improve the prediction of fracture risk over current clinical standards. Foramina in the femoral neck 
may influence its fracture mechanics, albeit the majority of FE modelling approaches do not consider them. This 
study aimed to show how foramina affect fracture propagation and FE strain predictions in the femoral neck. μCT 
images were taken of 10 cadaveric proximal femora before and after fracture, following quasi-static mechanical 
loading representing a sideways fall. The μCT images of the fractured femora were used to determine where the 
bones fractured in relation to the foramina. FE models were created based on μCT and clinical CT scans of the 
intact femora. The superolateral side of the femoral neck was modelled with high detail including foramina. 
Element-specific Young’s moduli were assigned and the models were solved quasi-statically. The models pre-
dicted high strains inside foramina, agreeing with experimental strain measurements. However, these high 
strains inside foramina were often not related to the observed fracture location. μCT images also confirmed that 
the foramina mostly remained intact after fracture. Using a fracture criterion based on local strain averaging 
improved the accuracy of the predicted fracture location as well as the correlation between the FE predicted 
fracture forces and the experimentally measured peak forces. To conclude, the presence of foramina can influ-
ence the fracture pattern in femoral neck fractures and inclusion of foramina in FE models improves the pre-
diction of local strain concentrations.   

1. Introduction 

Hip fractures following a low-impact fall have a high incidence in the 
elderly (Hernlund et al., 2013). The clinical standard for risk assessment 
is to measure areal bone mineral density (aBMD) through dual x-ray 
absorptiometry (DXA), potentially with the use of additional epidemi-
ological and environmental risk factors. However, more than half of the 
patients that suffer from a hip fracture are not assessed to be at high risk 
based on aBMD measurements alone (Pasco et al., 2006). Increased 
cortical porosity from Haversian and Volkmann canals (~10s of μm) has 
also been shown to be a risk factor for osteoporotic fractures (Bjørnerem, 
2016; Cooper et al., 2016). The size and amount of porosity is one of the 
major contributors to the elastic modulus and yield stress of cortical 
bone at the mesoscale (Dong and Guo, 2004; Wachter et al., 2002). The 
cortical bone in the femoral neck also contains larger foramina (0.5–2 
mm), allowing nutrient blood vessels to exit and enter the bone (Mei 

et al., 2019). 
Strains in the range of 2–3% are generally reported to result in per-

manent damage of bone under tension and compression (Bayraktar 
et al., 2004). The golden standard for strain measurements on bone, 
strain gauges, cannot accurately measure strains on irregular surfaces 
(Grassi and Isaksson, 2015). However, with 2D and 3D full-field strain 
measurement techniques, such as digital image correlation (DIC) and 
digital volume correlation (DVC), strains on irregular surfaces can be 
calculated. Two recent studies reported relatively high strains in regions 
in and surrounding foramina in the superolateral side of the femoral 
neck under stance (Katz and Yosibash, 2020) and sidefall (Grassi et al., 
2020) loading conditions. Using DVC, strains in bone exceeding 2–3% 
without apparent damage have been measured at a microscale (Turunen 
et al., 2020). 

Multiple finite element (FE) models that can be used to calculate the 
failure load of the proximal femur have been developed in the past 
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decades (Bessho et al., 2007; Dall’Ara et al., 2013; Dragomir-Daescu 
et al., 2011; Keyak et al., 1997; Schileo et al., 2008; Yosibash et al., 
2010). FE models are a valuable tool and have the potential to predict 
the fracture risk better than aBMD measurements alone (Enns-Bray 
et al., 2019; Orwoll et al., 2009). The material description of these 
models and fracture criterion are often strain based, meaning that ac-
curate strain predictions should be essential for accurate strength pre-
dictions (Schileo et al., 2008; Yosibash et al., 2010). Previous FE models 
that were validated against bilateral DIC based strain measurements 
were not able to accurately predict strains in small regions where the 
cortical surface was highly irregular (Katz and Yosibash, 2020; Kok 
et al., 2021). This is likely due to the fact that most FE modelling ap-
proaches employ an element-specific material mapping, where different 
techniques to compensate for stiffness underestimation following partial 
volume artifacts are adopted (Helgason et al., 2016). Such techniques 
may have the side effect of removing foramina from the models. μFE 
models have been created in regions with foramina where fractures were 
known to occur (Bahaloo et al., 2018; Helgason et al., 2014). These 
studies showed how failure can occur in the vicinity of individual 
foramina, which led to the hypothesis that there could be a relationship 
between the presence of foramina and resulting fractures. Foramina 
cannot be easily detected on clinical CT scans, where the resolution is 
often similar to the size of the foramina (~1 mm). However, with use of 
special methods the largest holes could be detected and accounted for in 
the models. For example, by mapping the cortical thickness, small re-
gions with thin or no measured thickness could be assumed to be 
foramina (Treece et al., 2010). Before developing such techniques, it is 
valuable to understand how inclusion of foramina affect the strain 
prediction of the FE models. 

The aim of this study was to determine how foramina in the femoral 
neck influence local strains and global fracture events and if inclusion of 
foramina can improve strain predictions. High-resolution FE models 
including foramina in the lateral neck were created from μCT scans. The 
strains predicted by these models were compared to full-field strain 
measurements on previously mechanically tested femora (Grassi et al., 
2020), and the fracture site determined from μCT scans after mechanical 
testing. Additional comparisons were performed between the 
high-resolution FE models and FE models of the same femora based on 
clinical CT scans. 

2. Material and methods 

2.1. Samples and image acquisition 

In a previous study, 12 female cadaveric femora (age 22–88) were 
quasi-statically loaded at 5 mm/s in sideways fall until macroscopic 
fracture occurred (Grassi et al., 2020) (details on the subjects can be 
found in Supplementary Table 1). Strains were measured on the medial 
and lateral femoral neck using DIC with a virtual strain gauge size of 
approximately 4 mm and 3 mm, respectively (Grassi et al., 2020). In 
another previous study, FE models based on calibrated clinical CT scans 
of these femora were created and validated against the mechanical tests, 
as described by Kok et al. (2021). Two femora were excluded from this 
study because the mechanical loading did not result in complete sepa-
ration of the femoral head from the proximal femur. 

The 10 specimens were scanned before the experiment using a 
clinical CT scanner (Definition AS64, Siemens AG, voxel size of 0.4 ×
0.4 × 0.6 mm, 120 kVp, 210 mAs) with a hydroxyapatite calibration 
phantom (QRM-BDC/6, Quality Assurance in Radiology and Medicine). 
Additionally, μCT images were taken before (Nikon XT H225, isotropic 
voxel size of 52–60 μm, 100 kVp, 0.2 mA) and after the mechanical 
testing experiment (MILabs U-CT system, isotropic voxel size of 60 μm, 
65 kVp, 0.13 mA). Before mechanical testing and acquisition of the μCT 
images, the femoral head, greater trochanter, and distal end were 
embedded (epoxy, Technovit 4071, Heraeus Kulzer). 

2.2. Image analysis 

From the μCT images of the intact femur, a region of interest (ROI) on 
the superolateral neck was selected for high-resolution FE modelling. 
This ROI included the region used for DIC (Grassi et al., 2020) and the 
fractured region of the superolateral neck (Fig. 1). 

The proximal femur was segmented from the μCT images of the 
intact femur in several automatic steps (Matlab R2019b, MathWorks) 
followed by manual corrections (Autodesk Meshmixer 3.5.474, Auto-
desk) to acquire a sufficiently accurate segmentation outside of the ROI. 
First, a median filter (±2 voxels) was applied, and a threshold was set at 
the minimum between the grey value peaks in the histogram repre-
senting bone marrow and cortical bone. Second, the segmentation was 
downscaled four times, dilated and eroded (3 voxels), and all cavities 
surrounded by bone were filled. Finally, manual corrections were 
applied to remove separated components and fill gaps in the cortex that 
were not from foramina. The ROI in the lateral neck was segmented from 
the full resolution μCT images by using the same threshold as set for the 
segmentation of the full femur (Seg3D2, University of Utah). This was 
followed by manual corrections, while ensuring that the foramina 
remained open. 

The fractured femoral head and the shaft were segmented separately 
by first selecting all slices from the μCT images containing the femoral 
head and then those of the shaft, respectively. Each part was segmented 
by applying a Gaussian filter (±2 voxels) and setting a threshold at 1000 
HU (Seg3D2, University of Utah). The fracture line was determined by 
visually comparing the fractured bone to the intact bone (Fig. 1). 

2.3. FE modelling 

Two sets of FE models were created, one based on clinical CT images, 
and one based on μCT images. The models based on clinical CT images 
only differed from those presented in Kok et al. (2021) in their material 
behavior. The previously presented meshes were used, with 
second-order tetrahedral elements with a size of ~1 mm in the femoral 
neck and ~3 mm in the rest of the femur. For each voxel, an apparent 
density (ρapp) was derived from the calibrated clinical CT scans (Bone-
mat_V3 (Taddei et al., 2007)). A constant isotropic Young’s modulus 
(E0) was calculated using the density-elasticity relationship: E0 =

6850*ρ1.49
app (Morgan et al., 2003). Each element is then assigned a 

modulus through integration of the moduli assigned to the voxels. For 
the elements on the surface of the femur a minimum Young’s modulus of 
2.5 GPa was applied to compensate for partial volume artifacts in the 
clinical CT images. The Poisson’s ratio was set to 0.4 (Reilly and Bur-
stein, 1975). The elements in the epoxy were assigned an isotropic 
Young’s modulus of 2.5 GPa and a Poisson’s ratio of 0.3. 

For the models based on μCT images, the segmentations of the 
complete intact femur and ROI were separately triangulated and then 
merged (Autodesk Meshmixer 3.5.474, Autodesk; Hypermesh, 2021 
Altair Engineering) (Fig. 2A). First, the ROI was removed from the 
segmentation of the complete femur. Second, the segmentation of the 
ROI was inserted into the gap in the complete femur. Finally, the two 
segmentations were combined and remeshed with a transition going 
from the ROI to the rest of the femur. This resulted in a mesh with about 
one million second-order tetrahedral elements, with high level of detail 
in the superolateral neck (element size ~0.2 mm) and lower level of 
detail in the rest of the femur (element size ~3 mm). The internal 
structure was filled with elements containing bone and marrow. The 
epoxy was segmented from the μCT images of the intact femur. Based on 
the segmentations, hemispheres were created to represent the caps on 
the femoral head and the trochanter, and a parallelepiped was created to 
represent the pot at the distal end. Through a Boolean operation, holes 
were cut in the epoxy using the femur and shared nodes between bone 
and epoxy were connected. The final mesh was aligned to the mesh of 
the clinical CT based models using an iterative closest point registration 
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algorithm (CloudCompare v2.12, www.cloudcompare.org/) to allow for 
accurate comparison between the models. 

The μCT did not contain densitometric calibration phantoms. To 
obtain accurate density measurements for the elements in the models 
based on the μCT scans, the grey values were corrected using clinical CT 
scans and the meshes based on those scans. For each element in the 
clinical CT based meshes, two average grey values were obtained: one 
based on the clinical CT scans, and one based on the μCT scans. The 

elements in the shaft, elements below 3 mm3, and elements on the 
surface of the femur were excluded from this calculation. The remaining 
elements were used to find a linear relationship between the grey values 
in the clinical CT images and the μCT images. This linear relationship 
was used to correct the grey values of the μCT images. After correction of 
the μCT images, an isotropic Young’s modulus was assigned to each 
element in the same manner as for the mesh based on the clinical CT 
images. For the elements inside the ROI, the full-resolution images were 

Fig. 1. A) Segmentation of the intact femur, including the high-resolution segmentation in the ROI, highlighting the fracture line (red) and the region where DIC was 
performed during the experiment (black). B) An exploded view of the segmentations of the fractured femur. C) Segmentation of the ROI. The red lines indicate the 
location of the fracture. The yellow arrows indicate several of the larger foramina in the ROI. 

Fig. 2. A) Segmentation of the intact femur, where initially the complete femur is roughly segmented and a finer segmentation of the superolateral neck is inserted. 
B) Sideways fall loading conditions for the FE models. 
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used. For the elements outside the ROI, the images were first downscaled 
4 times. 

For all models, the load was applied on the most medial node and 
each of the nodes connected to this node on the surface of the epoxy cup 
on the femoral head (Fig. 2B). The most lateral surface node and the 
surface nodes connected to this node on the epoxy cup were constrained 
in the x-direction. All surface nodes except those on the proximal side of 
the epoxy pot were connected to a node that only allows rotation around 
the y-axis. All FE simulations were quasi-statically solved in one incre-
ment using Abaqus Standard (v2017, Dassault Systèmes). 

2.4. Data analysis 

Strains predicted by the high-resolution linear FE models were 
qualitatively compared to the strains measured by DIC. The analysis 
focused on the size of the regions where relatively high strains were 
recorded and on whether high measured and predicted strains were 
related to foramina. Additionally, the predicted locations of high strains 
were compared to the μCT segmentations to see if the regions where 
high strains were predicted related to the observed fracture line. These 
same comparisons to the experimental results were made using the 
clinical CT based models. 

Fracture forces predicted by the FE models were calculated based on 
the nodal risk as presented in Schileo et al. (2014). In short, strains were 
calculated in the nodes on the surface of the bone. These strains were 
averaged over a region with a 3 mm radius and from there the principal 
strains were calculated. For each node a nodal risk factor was calculated 
by dividing the nodal strain with the yield strain limit (0.73% in tension 
and 1.04% in compression (Bayraktar et al., 2004)). The scaling factor 
required to get a maximum nodal risk factor of 1 was multiplied by the 
applied force to obtain the fracture force. In addition to the 3 mm 

averaging used in Schileo et al. (2014), to investigate the effect of 
foramina on the fracture predictions, this method was adjusted in two 
ways: First, the method was used without applying the averaging step. 
Second, for the μCT based models, elements with a modulus below 5 GPa 
were ignored during the calculations of the nodal risk factor. The con-
stant strain rate correction factor described in Schileo et al. (2014) was 
not applied. 

Linear regression analysis was performed between the FE predicted 
fracture forces and the experimentally measured peak forces. From the 
regression, the coefficient of determination (R2) and the standard error 
of the estimate (SEE) were determined. 

3. Results 

Foramina were identified on segmentations from the μCT scans of the 
intact and broken femora. In two out of ten cases the resulting fracture 
line passed through a larger foramen in the superolateral femoral neck 
(Supplementary Fig. 1). In the other eight femora the fracture line 
passed by, but not through, multiple foramina. In two of these eight 
cases, a smaller foramen was identified where the fracture passed 
through. Inspection of the μCT images reveals that most inspected 
foramina were surrounded by thickened cortex, with the fracture going 
around them (Fig. 3, Supplementary Fig. 1). 

The strains predicted by the FE model and the strains measured with 
DIC reveal similarities in strains inside and surrounding a large foramen 
(Fig. 4). The high strains surrounding foramina, predicted by the high- 
resolution FE models, are concentrated in a smaller area compared to 
the DIC measurements. Some smaller foramina where high strains are 
predicted are not captured by the DIC measurements. 

The observed fractures occurred mostly on the distal side of the 
lateral neck (Fig. 5; Supplementary Fig. 1). The FE models show strain 

Fig. 3. A) Segmentation of the μCT scan of a complete intact proximal femur. B) High-resolution segmentation of the μCT scan of the same intact femur. C) Seg-
mentation of the μCT scan of the femoral head side of the same femur broken. D) A magnification of a large foramen that stayed intact while the fracture propagated 
closely around it. E) Orthogonal views of the μCT images of the position of the broken femur indicated by the yellow arrows, showing the increased bone density 
surrounding the largest foramen next to the fracture line. The red dotted lines indicate the fracture line. The black arrows point at the (intact) foramina. Seg-
mentations of all ten intact and broken femora with magnifications and μCT images of foramina close to the fracture line can be found in Supplementary Fig. 1. 
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concentrations in and around nearly all porous regions, including the 
regions where the fracture developed (Fig. 5). However, in most cases 
the fracture did not go through the foramina where the highest strains 
were predicted. In the clinical CT based models, the highest predicted 
strains are generally outside of the foramina, in agreement with the 
fractured region. 

The limited depth of the modelled foramina in the μCT based models 
led to low assigned moduli at the center. In these regions, high strains 
were predicted and without disregarding these low-modulus elements or 
averaging of the strains, the fractures were predicted to initiate inside 
the foramina. This led to an underestimation of the predicted fracture 
forces and a low correlation between predicted and measured forces 
(R2 = 0.34; SEE= 2.68 kN) (Fig. 6). By calculating the average strain 
on the surface of the bone, the highest strain concentrations outside the 
foramina became more apparent. The decrease of the maximum strain 
led to higher predicted fracture forces and more accurate predictions of 
the location where the fracture initiates. Thus, the predictions became 
more comparable to those of the clinical CT–based FE models. Similarly, 
the strain concentrations outside of the foramina became more apparent 
when elements with an assigned modulus below 5 GPa are not 

considered in the nodal risk calculations. A combination of ignoring low- 
modulus elements and averaging of strain did not lead to further 
improvement of the fracture force predictions. 

4. Discussion 

The aim of this study was to show how surface irregularities in the 
form of foramina on the femoral neck affect strain predictions. FE 
models based on μCT scans were able to accurately describe the complex 
surface geometry. In addition to using μCT scans of the intact femur to 
create the FE models, μCT scans of the fractured femur were obtained to 
enable closer inspection of the fractured region and to determine the 
fracture pathway. 

Close inspection of the segmentations of the broken femora revealed 
that the fracture line did not pass through the larger foramina in eight 
out of ten cases. Looking at the μCT images it could also be seen that the 
bone surrounding the foramina is denser (Supplementary Fig. 1), which 
can contribute to the divergence of the fracture line. This behavior is 
similar to the toughening mechanisms in bone reported on the micro-
scale around osteons (Gustafsson et al., 2020; Koester et al., 2008). This 

Fig. 4. Comparison of the strains predicted by the μCT and clinical CT based models and the experimentally measured strains with DIC. In the μCT based model, 
strains localized inside foramina can be seen. In the clinical CT based model, the strains are more evenly distributed. 

Fig. 5. A) The risk factor based on the nodal principal strains without averaging on the μCT based model. B) The fracture as segmented from the μCT scans of the 
broken femur. C) The risk factor based on the nodal principal strains without averaging on the clinical CT based model. The solid and dashed red lines indicate the 
experimentally observed fracture line. The black arrows indicate the position of several foramina. 
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effect did not appear to be affected by the subjects’ age or BMD as crack 
divergence was seen in the bones of the youngest and oldest subjects as 
well as in those with the lowest and highest BMD. These findings 
somewhat contrast with previous reports that foramina could be 
involved in primary failure events (Bahaloo et al., 2018). However, 
Bahaloo et al. (2018) used a dynamic loading setup and simulated only 
three femora at a high resolution. Out of these three, two presented with 
initial failure through foramina. Failure mechanisms for the femur may 
be different under quasi-static and dynamic loading (Jazinizadeh et al., 
2020). It is likely that the foramina influence failure differently 
depending on the loading rate. Jazinizadeh et al. (2020) has shown that 
the fracture load of a femur increases under higher strain rates. How-
ever, under simulated fall loading rates a reduction in toughness can be 
observed in the plastic region. Similar results have been shown in 
3-point bending tests of ovine femora, where increased peak stress but 
decreased toughness was measured under higher loading rates (Wallace 
et al., 2013). At a microscale, cortical bone alone has been shown to 
have a reduced fracture resistance at higher loading rates (Gauthier 
et al., 2017; Ural et al., 2011), which can be exacerbated by increased 
porosity (Ural et al., 2011). We speculate that the foramina could 
contribute to an increased post-yield fracture toughness under 
quasi-static loading through the deflection of cracks. 

The μCT based FE models were able to predict highly localized 

strains inside the foramina that were not predicted by the FE models 
based on clinical CT images. This corresponds better with the strains 
measured with DIC. However, strains predicted by the FE models were 
even more concentrated than those measured by DIC. This originates 
from the difference in resolution between the predictions and the 
measurements. In the FE models, second-order elements with an edge 
length of 0.2 mm were used and no averaging of strains was applied. 
Whereas the measured strains had a virtual strain gauge size of 
approximately 3 mm (meaning that the strain at each point is affected by 
displacements in the image in a 3 mm region) (Grassi et al., 2020). The 
larger region where high strains are measured, compared to the pre-
dicted strains, suggests that other factors, such as remaining soft tissue, 
could play a role. Similar results have been observed under loading in 
single-leg-stance, where high strains measured with DIC were observed 
outside of the foramina (Katz and Yosibash, 2020). These strains were 
also not captured by FE models based on clinical CT scans. For a 
single-leg-stance loading condition FE models including the foramina 
could also give more insight in how they affect the local strains and 
resulting failure. 

The comparison between high predicted local strains and the μCT 
images of the broken femur showed that the fracture does not neces-
sarily pass through the foramina where the highest strains are predicted. 
Ignoring the elements with a low assigned modulus and averaging of the 

Fig. 6. Correlations between the predicted failure force and the experimentally measured peak force for the linear elastic models based on μCT and clinical CT images 
for all femora. The displayed figures of femora show the nodal risk factor and the calculated failure force for the same femur in each group. 
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nodal strains on the surface, elucidated that the fracture is largely 
determined by the regions where high strains are predicted outside of 
the foramina. Low moduli inside the foramina originate from their 
limited modelled depth. Since the bone is modelled as a closed structure 
where elements include bone marrow, the elements inside foramina do 
not represent the cortical bone. Therefore, when predicting the location 
where fracture initiates, these strains should be excluded. The threshold 
of 5 GPa for the assigned moduli was decided after checking which el-
ements would be excluded with a threshold of 2.5, 5, 7.5, and 10 GPa. It 
was noted that 2.5 GPa was insufficient to exclude all elements in the 
foramina. The other thresholds showed similar results, and 5 GPa was 
selected to minimize the number of excluded elements, while still 
excluding all elements inside the foramina. The FE models based on 
clinical CT scans practically do this by not explicitly including the 
foramina and setting a minimum Young’s modulus for the elements at 
the surface (Kok et al., 2021). The averaging of the strains led to 
improved fracture force predictions for the μCT and clinical CT based 
models. 

In this study, qualitative comparisons were made between the pre-
dicted strains and the measured strains and fracture location. From the 
force correlation plots it can clearly be seen that if no averaging or 
minimum Young’s modulus is applied, the forces are underestimated. 
This is a direct result from the high predicted strains in the foramina, 
which means that correlating the predicted strains to the experimentally 
measured strains at an equal force will show an overprediction of the 
strains. Additionally, the assigned moduli were higher for the μCT based 
models than for the clinical CT based models. This is caused by the 
calibration of the μCT scans against their respective clinical CT scans 
where a calibration phantom was included. A linear fit was used, but the 
true relationship between grey values in the μCT and clinical CT images 
is not perfectly linear, due to differences in imaging parameters. Addi-
tionally, due to the higher resolution in the μCT scans, the effect of 
partial volume artifacts is lower. In the clinical CT scans the partial 
volume effects are most visible at the superolateral surface of the 
femoral neck, where the cortical bone is thinnest and where the fracture 
occurs. This led to lower assigned moduli in the femoral neck for the 
clinical CT based models. This was partially compensated by assigning a 
minimum modulus of 2.5 GPa, but differences between assigned moduli 
in this region remained apparent between the models. When possible, 
use of a densitometric calibration phantom in the μCT scans is advisable 
as this allows for direct calibration of the μCT scans. 

Although foramina cannot be easily detected on clinical CT scans, 
methods could be developed to account for the largest foramina. With 
the inclusion of foramina in FE models based on clinical CT scans the 
strain predictions could be improved. This could also lead to improved 
fracture strength and fracture risk predictions, especially when crack 
propagation is considered. This addition is something that could be 
implemented with relatively low computational cost. However, further 
investigation and validation is required on how to perform this imple-
mentation and if other parameters in the material models should be 
adjusted. 

To conclude, the presence of foramina can influence the fracture 
pattern in femoral neck fractures and inclusion of foramina in FE models 
improves the prediction of local strain concentrations. These findings 
support that foramina in the superolateral neck could be a cause for high 
predicted strains, when partial volume artifacts are not compensated for 
(Grassi et al., 2012). However, strains concentrated around foramina do 
not necessarily lead to fracture. This is in agreement with the experi-
mental results, where failure under quasi-static loading could be seen to 
mostly initiate in the trochanteric fossa (Grassi et al., 2020). Therefore, 
inclusion of foramina in FE models is not likely to substantially improve 
the prediction of the fracture strength or where the fracture will initiate. 
New methods for detecting foramina from clinical CT scans could help 
the development of FE models based on clinical CT scans including 
foramina. Such models can give a more conclusive answer on whether 
inclusion of foramina will or will not affect actual fracture risk 

predictions. 

CRediT authorship contribution statement 

Joeri Kok: Writing – original draft, Visualization, Methodology, 
Investigation, Formal analysis, Data curation, Conceptualization. Karin 
Odin: Writing – review & editing, Methodology, Investigation. Sofia 
Rokkones: Writing – review & editing, Methodology, Investigation. 
Lorenzo Grassi: Writing – review & editing, Supervision, Methodology, 
Investigation, Conceptualization. Hanna Isaksson: Writing – review & 
editing, Supervision, Resources, Funding acquisition, 
Conceptualization. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

The authors do not have permission to share data. 

Acknowledgements 

The authors would like to thank Jukka Jurvelin and Heikki Kröger, 
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