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Abstract 

Background:  Atypical femoral fractures (AFF) are diaphyseal fractures of the elderly that occur at the end of a minor 
trauma. The objective of this biomechanical study, using finite element modelling, was to evaluate the variations of 
the femoral diaphysis fracture indicator according to the variations of the mechanical axis of the lower limb, which 
can explain all the different atypical fracture types identified in the literature.

Methods:  In order to measure variations in stress and risk factors for fracture of the femoral diaphysis, the distal end 
of the femur was constrained in all degrees of freedom. An axial compression load was applied to the femoral head to 
digitally simulate the bipodal support configuration in neutral position as well as in different axial positions in varus/
valgus (− 10°/10°).

Results:  The maximum stress value of Von Mises was twice as high (17.96 ± 4.87 MPa) at a varus angle of − 10° as in 
the neutral position. The fracture risk indicator of the femoral diaphysis varies proportionally with the absolute value 
of the steering angle. However, the largest simulated varus deformation (− 10°) found a higher risk of diaphysis frac‑
ture indicator than in valgus (10°).

Conclusions:  Variations in the mechanical axis of the lower limb influence the stress distribution at the femur diaphy‑
sis and consequently increase the risk of AFF. The axial deformation in varus is particularly at risk of AFF. The combi‑
nation of axial deformation stresses and bone fragility consequently contribute to the creation of an environment 
favorable to the development of AFF.

Trial registration: ‘retrospectively registered’.
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Introduction
Atypical femoral fractures (AFF) are diaphyseal frac-
tures of the elderly that occur as a result of minor 
trauma and may extend from the small trochanter to 
the supra-condylian metaphyso-diaphyseal junction 

[1]. Strict diagnostic criteria have recently been devel-
oped by the American Society for Bone and Mineral 
Research (ASBMR) [2]. Four of the five major criteria 
must be met to make the diagnosis: (1) Minor trauma 
such as a fall from a height or absence of identified 
trauma, (2) Oblique or transverse fracture involving the 
external cortical, (3) Complete quadri-cortical fracture 
with a medial scale or incomplete fracture of interest 
to the lateral cortical, (4) Small or non-comminutive 
fracture, and (5) Localized thinning of the periosteum 
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or endostus of the external cortical. The concepts of 
iatrogenia (biphosphonates, glucocorticoids, proton 
pump inhibitors [3–5]) or comorbidities (rheumatoid 
arthritis, chronic kidney failure [6, 7]) are now reduced 
to minor criteria. Indeed, several scientific studies [8–
11] have supported the mechanical theory that these 
atypical fractures are linked to an abnormal distribu-
tion of stresses on the lateral cortical area of the femur. 
Two major types of AFF now appear to be emerging: 
medial-diaphyseal fatigue fracture on curved femur and 
sub-trochanteric fracture [12]. The hypothesis of this 
work was that the higher the axial varus deformation 
of the lower limb the higher probability of AFF occur-
ing. The objective of this biomechanical study, using 
finite element modelling, was therefore to evaluate the 
variations of the femoral diaphysis fracture indicator 
according to the variations of the mechanical axis of 
the lower limb, which can explain all the different atyp-
ical fracture types identified in the literature.

Methods
The analysis of load distribution and the effect of lower 
limb alignment was made possible by finite element 
modelling constructed from whole human femur CT 
scans (n = 5). The epidemiological and radiological 
characteristics of patients are summarized in Table 1.

Finite element modeling (FE)
The methodology used to generate the numerical mod-
els was to reconstruct the entire femur from the CT 
scan acquisition. The X-ray scan parameters for the 
samples were set to 120 kVp, 100 mAs, with 0.75  mm 
cross-sections and an image matrix of 512 × 512 pixels 
with a pixel size of 0.434 mm. Volume image segmen-
tation and geometric model were performed using 3D 
SLICER software (Version 4.11, Kitware, France). To 
perform finite element modeling, the resulting model 
was imported and analyzed using Ansys® Workbench 
software (Version 2020R2, Ansys Inc, United States). 
Bone segment geometry was discretized using ten-
node tetrahedral element (C3D10), and mesh sensi-
tivity was analyzed for elements of different sizes, as 
recommended in the literature [10, 13, 14].

The model elasticity modulus have been assigned 
element by element. Bone is considered heterogene-
ous and isotropic. For all models, a Poisson coefficient 
of 0.3 was assigned [15]. The grayscale values from the 
CT scan data (Fig. 1) express the Hounsfield (HU) units 
that identify bone density from the relationship (1) 
below with ρQCT as peripheric quantitative computed 
tomography [16]:

Table 1  Epidemiological and radiographic characteristics of 
whole femurs modelled as finite elements

Femur subject AA BB CC DD EE

Age (year) 73 71 88 65 60

Gender M M M F F

Side R L R R L

Length (mm) 437.77 444.44 390.81 356.36 384.38

Neck-shaft angle (deg) 128.41 130.93 134.02 125.13 123.42

Hip-knee shaft angle (deg) 5.46 4.34 5.24 7.27 6.38

Fig. 1  Femur bone density mapping (subject AA)
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In this work, the Young modulus of cortical and can-
cellous bones [17] allocated to each element was deter-
mined from the relationships below:

with ρash as ash density, ρapp as apparence density and E 
as elasticity module.

Alignment axes, loading and boundary conditions
To determine the impact of lower limb alignment on 
stress amplitude and fracture risk factor, a load proto-
col corresponding to the standing position on both legs 
was modelled. In this scenario, in order to simulate the 
misalignment of the femur, it was necessary to identify 
the mechanical axes or loading axes. Reconstruction CT 
images were used to measure alignment [18]. The mechan-
ical axis of the femur was considered a line connecting the 
center of the femur head and the center of the knee. In 

(1)ρQCT

(

g/cm3
)

= 0.007764 ×HU− 0.056148

(2)ρash

(

g/cm3
)

= 0.877× ρQCT + 0.0789

(3)ρapp

(

g/cm3
)

= ρash/0.6

(4)E(MPa) = 6850× ρ1.49
app

order to measure the resistance of the femur, the distal end 
of the femur was constrained in all degrees of freedom. An 
axial compression load corresponding to an average weight 
of 70 kg (686 N) was applied to the center of the femoral 
head in neutral position as well as in varus/valgus posi-
tion by rotating the femur around the center of the femoral 
head clockwise or counterclockwise in relation to the fron-
tal plane (Fig. 2).

Post‑treatments
Although the fracture force prediction and fracture site 
were based on the criteria of the maximum principal stress 
fracture theory, the fracture of a certain element has been 
defined as occurring when the maximum stress of the ele-
ment exceeds its elastic limit. The atypical diaphyseal femur 
fracture risk indicator (FRI) was used for all load configura-
tions, elucidating the effect of the anatomical variations of 
the femurs, their material properties and the mechanism 
of these fractures. The risk indicator for tensile fracture 
(TFRI) and femoral diaphysis compression (CFRI) was the 
ratio of ultimate (maximum) bone stress to limit stress and 
can be expressed as follows:

(5)CFRI =
σC
min,ppal

σC
y,ppl

Fig. 2  Femur alignment and Boundary Conditions. In the neutral position, the loading axis, femur mechanical axis and lower limb mechanical axis 
are vertical (angle 0°)
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where σC
y,ppl and σT

y,ppl are respectively the stress limits in 
compressive and tensile strength;σT

max,ppal and σC
min,ppal 

are respectively the maximum and minimum main 
stresses.

After each load step, elements with the principal stress 
( σppl ) exceeding the yield stress ( σY,ppl ) were “failed” by 
assigning a very small Young’s modulus (1  MPa). The 
relationships used between σy,ppl t and ρapp proposed by 
(Kheirollahi, et al.) [19]were stated as:

Results
The alignment of the lower limb influences the distribu-
tion of stresses in the femoral diaphysis in a bipodal load 
configuration. Deformation due to axial alignment varia-
tions also affects the risk of fracture.

Stress distribution
Figure  3 shows the variation in von Mises equivalent 
stress for all subjects. The mean maximum stress value 
of von Mises was 9.53  MPa (SD = 2.52  MPa) for angle 
0° ± while the mean maximum stress value of von Mises 
was 1.63 times higher (15.47  MPa, SD = 5.68  MPa) for 

(6)TFRI =
σT
max,ppal

σT
y,ppl

(7)σy = 116ρ2.03
ash (MPa)

angle 10° (valgus) and the stress value almost twice 
(17.96  MPa, SD = 4.87  MPa) higher for the angle − 10° 
(Table  2). There is also a clear increase in stress during 
varus deformation.

Figure  4 shows stress distribution in the diaphysis 
region. The highest absolute stress value is located at 10° 
and − 10° angles and decreases as the angle approaches 
0° (Table  3). Under the same load, (Table  3). Under the 
same load, and in the varus direction configuration, 
maximum main stress was localized at the lateral corti-
cal femoral diaphysis, the minimum stress being local-
ized at the medial cortical. On the contrary, under valgus 
stress, maximum main stress was localized at the antero-
medial cortical level of the femoral diaphysis, minimum 
stress being localized at the lateral cortical. In addition, 
maximum stress was localized to the proximal diaphysis 
region in the neutral position and changed the localiza-
tion to the distal diaphysis region at the valgus or varus 
angles. The stress values at the level of the femoral dia-
physis evolved by varying the angle of varus or valgus.

Risk of atypical femoral fracture
To study the effect of misalignment on the risk of femur 
fracture, fracture indicators and tensile and compres-
sive stress limits for the proximal femur and diaphysis 
were calculated separately. In all cases, the FRI based on 
the main stress criterion were calculated for the femur 
diaphysis in standing position, taking into account the 

Fig. 3  Maximum von Mises stress as a function of varus/valgus angle
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inclination or direction of the load. The calculated FRI 
are shown in Fig. 5.

Increased risk indicator of diaphysis fracture was 
observed for maximum varus and valgus deformations. 
The FRI fracture risk indicator of the femoral diaphy-
sis varies proportionally with the absolute value of the 
steering angle (Table  4). However, the largest varus 

deformation simulated (− 10°) found a higher risk of 
diaphysis fracture indicator than in valgus (10°).

The decrease in varus from − 10° to 0° decreased the 
mean value of the compression fracture risk indicator 
and the mean value of the traction fracture risk indica-
tor from 0.131 (SD = 0.036) to 0.051 (SD = 0.008) respec-
tively, and from 0.122 (SD = 0.031) to 0.043 (SD = 0.010). 

Fig. 4  Maximum von Mises stresses of the diaphyseal area for the subject AA. Valgus/varus angles: between − 10o and − 6° for valgus, between 6° 
and 10° for varus
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The increase in valgus deformation from 0° to 10° 
increased the mean value of the compression fracture 
risk indicator and the mean value of the traction frac-
ture risk indicator respectively from 0.051 (SD = 0.008) to 
0.101 (SD = 0.039), and from 0.043 (SD = 0.010) to 0.090 
(SD = 0.024).

Discussion
Axial deformation in varus of the lower limb, all causes 
combined, presented a higher risk indicator of femoral 
diaphysis fracture than in valgus. This means that varus 
alignment could play a major role in AFF pathophysiol-
ogy. The diaphyseal fracture risk indicators have the high-
est values for extreme axial deformation (-10°/10°). This 
shows a strong correlation between AFF risk and the 
mechanical axis in varus/valgus.

In the literature, some studies have associated diaphy-
seal femoral stresses with axial deformities due to femo-
ral curvilinear (primary or secondary) malformations. Oh 
et  al. [9] demonstrated using a tomography-based finite 
element method that patients with arched femoral dia-
physis had greater stresses on the anterolateral surface 

of the diaphysis.  Sasaki et  al. [8] compared the femoral 
curvature of nine elderly patients treated for low energy 
diaphyseal femoral fractures with those of 24 controls 
without fractures. They reported that femoral curvature 
was significantly higher in patients with AFF compared to 
the control group, suggesting that an increase in femoral 
curvature could be a causal factor of AFF. For the same 
purpose, Morin et al. studied femoral geometric param-
eters using EOS imaging of 16 Caucasian women with 
AFF [20]. Their analysis showed that these patients had 
a more laterally curved femur of − 3.2° (SD = 3.4) versus 
− 0.8° (SD = 1.9) for the control group. Our study evalu-
ated the femoral stress distribution as well as the risk of 
AFF exerted on a member in varus, whatever its origin: 
femoral, tibial, or femoral-tibial.  The observed results 
highlight the importance of considering axial deforma-
tion as a whole, and not only on the curvilinear character 
of the femur.

Regarding the location of the fracture, for Oh et al. [9] 
they appeared to be full-blown fatigue fractures of the 
mid-shaft diaphyseal fractures on the curved femur. The 
location of the atypical fracture could then be determined 

Fig. 5  Femoral diaphysis fracture risk indicators for all subjects in all configurations
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by the individual distribution of the stresses related to the 
curvature of the femur as well as its cervical-diaphyseal 
angle [21]. Models with significant varus deformation 
had higher tensile stresses at the end of the distal lateral 
diaphysis of the femur, which may indeed explain the 
mid-shaft diaphyseal location of some AFF. The models 
with the least axial deformation had increased tensile 
stresses in the proximal region, which may explain the 
occurrence of sub-trochanteric fractures.  These obser-
vations are consistent with the study by Saita et al. [21], 
which evaluated the alignment of the lower limbs in 
standing position in 10 patients with AFF [22].

They found that the mechanical axes of the lower 
limbs, represented by the femoral-tibial angle (FTA), cor-
related with fracture height.  Patients with medial-dia-
physeal AFF had larger FTA (183.3°), while patients with 
sub-trochanterian AFF had smaller FTA (172.8°), con-
cluding that the alignment of the lower limb affected the 
location of the fracture. In addition, the femoral morpho-
logical parameters reported in AFF populations in the 
Morin study [19] presented a wider alignment of varus at 
the knee joint relative to the control group (− 1.6° (4.2) 
vs − 0.4° (1.9)). Haider et al. [10] also attempted to deter-
mine the most important morphological parameters for 
AFF. They found that the greatest variations were caused 
by the radius of the femoral diaphysis and the angle of 
lateral curvature [20].

Our results therefore reinforce the idea that the abnor-
mal mechanical properties of the femoral diaphysis may 
be due to misalignment of the lower limb and are associ-
ated with the development of AFF.  Impairment of bone 
tissue properties, classified as minor criteria by ASBMR 
[23, 24] should also be considered.

Prolonged alteration of bisphosphonate-induced 
bone remodeling [25] or suppression of bone remod-
eling would result in deterioration of bone microarchi-
tecture, reduce the bone repair process, and result 
in accumulation of bone micro-damage, source of 
low-energy diaphyseal femoral fractures or AFF [23]. 
An accurate estimation of fracture risk is therefore 
required before introduction of bisphosphonate ther-
apy in osteoporotic patients [7, 26, 27]. For a long time, 
AFF was considered in terms of transverse stress frac-
tures occurring in the lateral femoral diaphysis associ-
ated with increased bone fragility, itself associated with 
long-term anti-resorption therapy [2]. Meng Ai Png 
et  al. [28] showed that bisphosphonate treatment was 
associated with periosteal femoral stress reaction called 
radiographic “black line”. An increased risk of AFF was 
observed in lateral cortical periosteal response, espe-
cially in cases of painful symptomatology [25, 29]. The 
pathophysiology of AFF is not yet fully understood. 
The fracture profiles and their different locations show 

their multifactorial character. The combination of axial 
deformation stress and bone fragility create an environ-
ment conducive to the development of AFF.

The limitations of our FE modeling come from a small 
sample of patients whose original FTA we did not know 
about.  Similarly, the applied boundary conditions did 
not take into account the specific weight of each sub-
ject. Stress distribution is directly related to the geom-
etry and we have not varied the femoral geometry, even 
though variation can be the cause of the modification 
of the FTA, as is the case of curved femoral bone. Nor 
we did not consider the alteration of bone tissue in our 
model, but it remains a minor factor of AFF.

Conclusions
Variations in the mechanical axis of the lower limb 
influence stress distribution at the femur diaphysis and 
increase the risk of AFF. The axial deformation in varus 
is particularly at risk of AFF, whatever its origin: fem-
oral, tibial; or femoral tibial deformity. Although the 
fracture profiles and their different locations show their 
multifactorial character, varus deformation seems to be 
a determining factor.  The combination of axial defor-
mation stresses and bone fragility consequently con-
tribute to the creation of an environment favorable to 
the development of AFF.
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