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Abstract

Summary Atypical femoral fractures (AFFs) are categorized as low-energy fractures of the femoral shaft or subtrochanteric
region. The use of computed tomography-based finite element analysis demonstrated that the femoral weakest point against
tensile stress coincided with AFF location, which was determined by the lower limb axis and femoral bowing.
Introduction This study aimed to assess the relationship between the femoral weakest point against tensile stress and the
lower limb axis and geometry, including femoral bowing, using a computed tomography (CT)-based finite element analysis
(FEA) model.

Methods We retrospectively reviewed 19 patients with AFFs and analyzed their CT images of the contralateral intact femur.
We performed FEA to find the maximum principal stress (MPS) and maximal tensile stress loading area (femoral weakest
point, FWP) of each patient and matched the FWP with the real location of AFF. We applied mechanical axes differently, as
neutral, varus, and valgus, in the FEA model, when we analyzed the change in MPS and FWP based on lower limb align-
ment. We compared the degree of agreement between the real fracture location and FWP before and after knee mechanical
axis adjustment.

Results The average participant age was 75.9 (range, 61-87) years, and all participants were women. In the 19 patients
included, we observed 20 and 7 shaft and subtrochanteric AFFs, respectively. The average mechanical axis at the knee joint
level was 22.6 mm (range, 0—70 mm) of the varus. All the patients showed an increasing trend of MPS and a distal movement
of FWP when the mechanical axis of the knee was applied from the valgus to varus alignment. The root mean square errors
between the FWP and real fracture location were 14.58% and 10.87% before and after adjustment, respectively, implying
that the degree of agreement was better in patients who underwent mechanical adjustment.

Conclusion The use of CT/FEA demonstrated that the FWP against tensile stress coincided with AFF location, which was
determined by the lower limb axis and femoral bowing.
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Introduction

Based on the recent report of the American Society for
Bone and Mineral Research (ASBMR), an atypical femo-
ral fracture (AFF) is defined as a complete or incomplete
fracture which shows that the transverse fracture line origi-
nates at the lateral cortex of the femur, progresses medi-
ally across the femur as oblique, and is associated with
minimal or no trauma, as in a fall from standing height or
less [1]. Since 2005, when Odvina et al. first described a
possible relationship between prolonged bisphosphonate
(BP) use and AFF occurrence [2], a severe suppression of
bone turnover following anti-resorptive therapy such as
long-term use of BP or denosumab has been considered
the main cause of AFF occurrence. Although the exact
pathophysiology underlying AFF development remains
unclear and is likely multifactorial, the potential role of
lower limb geometry has been emerging recently. The role
of lower limb geometry is being emphasized as a risk fac-
tor for AFF beyond long-term use of BP, because abnor-
mal lower limb geometry may contribute to elevated stress
within the lateral cortex of the femoral shaft and cause
AFF by increasing mechanical fatigue [3].

The majority of AFF cases occur in the lateral aspect
of the subtrochanteric or femur diaphysis due to the accu-
mulation of tensile stress [4]. Recently, several studies
have revealed that increased femoral bowing is associated
with increased AFF risk and a more distal fracture loca-
tion [5-9]. Several recent finite element simulation stud-
ies suggest that AFF risk is associated with the stress/
strain environment of the femur [10-12]. The AFF site
corresponds to the location of peak strain, and the bowing
angle is related to the magnitude of peak strain. However,
none of these simulation studies fully applied lower limb
alignment or patient-specific gait.

We hypothesized that the lower limb axis would rep-
resent the patient-specific biomechanical factor of AFF
occurrence. Thus, we developed a computed tomogra-
phy (CT)-based finite element analysis (FEA) (CT/FEA)
model to assess the femoral location that is the weak-
est point against the tensile stress related to lower limb
geometry including the lower-extremity axis and femoral
bowing.

Methods
Patient selection

This study was approved by the Institutional Review Board
of the participating center (IRB No. 2019-1568). We
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retrospectively reviewed data of 19 patients with AFFs, as
defined by the ASBMR in 2014 [1], including CT images
of the intact femur and whole lower limb X-rays taken
in the standing position. We excluded patients who had
pathologic fractures with metastasis or metabolic bone
disease such as Paget’s disease. Data were obtained from
single centers between January 2015 and July 2020.

Clinical and radiologic data

We collected demographic data, including sex, age, and
T-score of bone mineral density (BMD). The fracture loca-
tion was classified as subtrochanteric or femoral shaft frac-
ture. A subtrochanteric fracture was defined as a fracture
extending up to 5 cm below the lesser trochanter, while a
shaft fracture was defined as a fracture extending from below
the subtrochanteric region to the supracondylar metaphyseal
flare. Moreover, we collected patient clinical data, including
body mass index and BP history.

Femoral bowing was measured using a grading system
that was previously reported by Park et al. which classifies
the degree of bowing into four grades according to the posi-
tion of the reference line with respect to the most curved
portion of the medial cortex [13]. The reference line was
drawn from the tip of the greater trochanter to the center of
the intercondylar notch. When the reference line passed into
the medial one-third of the medullary canal or more medi-
ally, the patient was classified into the bowing group, and the
femur was graded as grade 0-3 femoral bowing according to
its severity of bowing (Fig. 1).

Lower limb alignment was measured using the mechani-
cal axis of the knee, which could assess the varus-valgus
alignment and capture anatomic variations in the proximal
femur, femoral shaft, tibial shaft, and ankle (Fig. 2A). The
mechanical axis was drawn from the femoral head center to
the talar dome center. The knee joint center was defined as
the center of the intercondylar notch. The degree of knee
varus or valgus alignment was measured as the distance
from the knee joint center to the mechanical axis line in the
plane of the femoral condyle base. The distance was “0”
mm, “—", and “+” in the neutral, varus, and valgus posi-
tions, respectively.

Bone strength using CT/FEA

CT of the full length of both femurs was performed for each
patient with a 2-mm slice thickness. CT Digital Imaging and
Communication in Medicine (DICOM) data were obtained
from the intact (contralateral) femur. A three-dimensional
(3D) modeling software (AVIEW Modeler; Coreline Soft,
Seoul, Republic of Korea) was used to produce 3D sam-
plings of anatomical elements of the human femur with
each DICOM dataset. With the use of reconstruction and
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Fig. 1 Femoral bowing grades A B

as classified by Park et al. [12].
(A) Grade 0: an almost straight
femur with the reference line in
the middle 1/3 of the medullary
canal. (B) Grade 1: mild femo-
ral bowing with the reference
line in the medial 1/3 of the
medullary canal. (C) Grade 2:
moderate femoral bowing with
the reference line of the medul-
lary canal and in the medial cor-
tex. (D) Grade 3: severe femoral
bowing with the reference line
of the medial cortex

parametrization on these datasets, structured data were seg-
mented to form a 3D model representing both the bone sur-
face and the cortico-cancellous interface. The established
finite element models were mechanically reconstructed using
Rapidform 2006 (INUS Technology, Inc., Seoul, Korea).
The FEM used for validation was developed using a modi-
fied 10-node tetrahedron volume element (C3D10M). In all
models, the maximum stress occurring in the AFF location
was used to evaluate mesh quality. An appropriate mesh
length was identified when the stress change due to the
change in element size was less than 5% [14]. The maxi-
mum edge length was then adjusted to be less than 1 mm
using 3-Matic 7.01 (Materialise, Leuven, Belgium). The
mesh quality was checked whether the element had distorted
angles.

As proposed by Heiner et al. [15], the elastic modulus,
yield strength, and Poisson’s ratio were set as 17,000 MPa,
114 MPa, and 0.36 in cortical bone and 300 MPa, 15 MPa,
and 0.3 in cancellous bone. In this study, standing configura-
tions were designed for AFF evaluation. Load and boundary
conditions were set as follows to analyze AFF location. For
the load condition, the center of the femoral head was set as
the point of application of the force vector. A concentrated
force was applied at this point, and the force vector was
directed to the heading point moved at the 10 mm posterior
from the anterior border of the distal femur [16]. The loading
stress was applied as the weight of each patient. A boundary
condition was established to completely constrain 6 degrees
of freedom at the lower end of the femur [17].

Finite element models were assessed using Abaqus
v6.13-1 (Dassault Systemes Simulia Corp., Providence,

T
L

USA). We performed FEA to find the maximum principal
stress (MPS) and the maximum tensile stress loading area
(femoral weakest point, FWP) of intact, contralateral femurs
in all 19 patients. We compared the abovementioned param-
eters with those of the true AFF location, with an adjustment
of the whole lower limb axis for each patient. In addition,
we modified the mechanical axis as neutral, varus (—5 mm
,— 10 mm, — 15 mm, — 20 mm, — 25 mm, and — 30 mm), and
valgus (5 mm, 10 mm, 15 mm, 20 mm, 25 mm, and 30 mm)
(Supplement 1), and analyzed the change of the MPS and
FWP according to lower limb alignment. The location of the
FWP was represented as the ratio of length from the fracture
point to the base of the femoral condyle divided by the femo-
ral length (from the tip of the femoral head to the base of the
femoral condyle). The real fracture site was represented as a
ratio using the abovementioned method (Fig. 3).

Statistical analysis

We investigated the MPS based on the femoral bowing
grade. We drew line graphs of MPS and FWP for each
patient based on the change of the mechanical alignment of
the knee to investigate the relationship between MPS, FWP,
and the mechanical alignment of the knee. The real AFF site
was compared with the FWP using CT/FEA with and with-
out adjustment by the knee mechanical axis adjustment; the
degree of agreement between the two sites was evaluated.
The root mean square error (RMSE) [18] was calculated to
compare the degree of agreement between the real fracture
site and the FWP location, before and after adjustment by
the mechanical axis of the knee. Moreover, scatter plots were
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Fig.2 An 82-year-old woman
with different lower-limb align-
ments. (A) Measurement of the
mechanical axis of the knee. (B)
Right shaft and left subtrochan-
teric atypical femoral fractures
with different mechanical axes

drawn to compare between groups. We also investigated
the correlation between the duration of BP use and other
variables including MPS before/after axis adjustment, FWP
before/after axis adjustment, and real AFF site using Spear-
man’s correlation analysis. P values less than 0.05 were con-
sidered statistically significant. All of the statistical analyses
were performed using SPSS version 26.0.

Results

All patients were women with an average age of 75.9 years
(range, 61-87 years). Among 19 patients, 16 had osteo-
porosis (T-score < —2.5) and 3 had osteopenia (mean
T-score, — 3.2 [range, — 2.0 to —4.7]). Eight patients (42.1%)
had bilateral AFFs, seven of whom had AFFs in the same
location of AFF and one patient had right shaft AFF and
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left subtrochanteric AFF (Fig. 2B). In the 19 patients, we
observed 20 and 7 shaft and subtrochanteric AFFs, respec-
tively. Eighteen patients (94.7%) had a history of BP use for
an average of 76.5 months (range, 20—175 months). All of
the included patients used BP as the only anti-osteoporotic
agent.

Concerning the grade of femoral bowing, we found 6, 3,
4, and 6 cases of grades 0, 1, 2, and 3, respectively. Supple-
ment 2 shows the distribution of MPS according to femoral
bowing grade. MPS tended to increase with the increase in
the grade.

The average mechanical axis at the knee joint level
was 22.6 mm (range, 0—70 mm) of varus. All 19 patients
showed an increasing trend of MPS as the mechanical axis
of the knee moved from the valgus to the varus align-
ment. The trend line of MPS showed a positive linear rela-
tionship with the change in knee mechanical alignment
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Fig.3 The method used to calculate the femoral weakest point and
real fracture location. The ratio is B/A

(Fig. 4A), which implies that a varus change in the knee
joint weakens the femur against tensile stress. Contrarily,
cases of FWP showed a negative linear relationship at the
trend line, as all 19 patients showed decreasing FWP trend
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(Fig. 4B), implying that a varus change in the knee joint
moves the FWP distally.

Comparing the degree of agreement of real fracture
location and FWP before and after adjustment by the knee
mechanical axis, the RMSEs resulting from the compari-
son were 14.58% and 10.87% before and after adjustment,
respectively. This signified that the degree of agreement was
better in patients who underwent mechanical axis adjust-
ment. The details are shown with scatter plots in Fig. 5.

The duration of BP use showed no significant correlation
with FWP, MPS, or fracture site. The correlation coefficient
and significance level are shown in Table 1.

Discussion

The present CT/FEA study revealed that the FWP against
the tensile stress was associated with the lower limb axis and
femoral bowing grade. First, the FWP was located at the sub-
trochanteric and shaft areas in the straight (bowing grade 0)
and bowed (bowing grade 1-3) femurs, respectively. These
results were comparable to those of previous clinical and
FEA studies. Numerous clinical studies have identified an
association between femoral curvature and fracture location,
and found that increased femoral bowing was associated
with a more distal fracture location [7, 19-21]. Hitherto,
the largest study on the abovementioned association has
been conducted by Kim et al. [19], who in a cross-sectional
study of 147 patients with AFF reported greater anterior
and lateral bowing angles in patients with diaphyseal AFF
compared to those in patients with subtrochanteric AFF.
Several FEA studies also suggested that increased bowing
was associated with a greater magnitude of tensile stress and
a peak strain location closer to the midshaft than the proxi-
mal femur [10-12]. Oh et al. presented that both lateral and
anterior bowing were significantly greater in the mid-shaft
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Fig.4 Change in maximum principal stress related with change of knee mechanical alignment (A) and femoral weakest point based on mechani-

cal axis (B)
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Fig.5 The degree of agreement
between the real fracture loca-

A. before axis adjustment

B. after axis adjustment
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Table 1 The relationship between duration of BP use and other vari-
ables

Spearman’s correlation P value
coefficient (rho)

MPS (before axis adjustment) 0.177 0.483
MPS (after axis adjustment) 0.397 0.103
FWP (before axis adjustment) 0.348 0.157
FWP (after axis adjustment) -0.077 0.762
Real fracture site 0.162 0.521

AFF group by Mann—Whitney U test analysis of 22 patients
in a multicenter study in Japan between 2015 and 2017 [11].
They also showed a significantly higher lateral bowing angle
and anterior radius of curvature of the femur in shaft AFF
cases with a higher maximum MPS in a prospective study of
18 patients conducted between 2012 and 2014 [12]. Haider
et al. showed a comparable result using 2-level full factorial
analysis of an FEA of 10 patients in 2018 [10]. Herein, we
also found that the FWP location moved from the proximal
femur to the midshaft based on the femoral bowing grade.
In addition, we had an important finding; the lower limb
geometry changed the peak strain location and magnitude.
The MPS was increased from the valgus, via neutral, to
varus alignment, and the FWP location moved to the distal
femur based on varus alignment. These findings suggested
that patients with lower limb varus alignment (for instance, a
varus change of the knee resulting from osteoarthritis) would
be prone to developing AFF, as a kind of stress (insuffi-
ciency) fracture. Previous study findings on the relationship
between lower limb axis and AFF location were limited and
debatable. Morin et al. [7] failed to reveal a significant rela-
tionship between lower extremity alignment and AFF loca-
tion, after comparing a small number of patients (5 and 11
patients with subtrochanteric and diaphyseal AFFs, respec-
tively). Contrarily, Saita et al. [22] reported that the femoral-
tibial angle explained 67% of the variance in AFF location,
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Real fracture site (%)

with greater angles associated with distal AFF locations;
however, they observed no relationship between a variable
(femoral-tibial angle) and patients with non-AFF. The previ-
ous study limitations included a small sample size and the
non-consideration of femoral bowing.

Our results demonstrated that the potential AFF location
should be evaluated based on a combination of femoral bow-
ing and lower limb geometry. Moreover, we found that the
real fracture location was better correlated with FWP loca-
tion adjusted with lower limb mechanical axis than that with
femur geometry. In the current study, before lower limb axis
adjustment, not all patients with neutral axes showed the
same location of the FWP in the ipsilateral femur and the
actual location of AFF in the injured femur. However, after
varus axis adjustment for each patient using whole lower
limb X-ray, the FWP was well correlated with the fracture
site in all included patients (Fig. 6). Figure 2 presents a rep-
resentative case showing the important role of the mechani-
cal axis of the knee joint; the FWP moved from the proximal
femur to the midshaft could be different from the lower limb
mechanical axis.

Since 2005, when Odvina et al. [2] described AFF, the
severe suppression of bone turnover after a long-term use of
BPs has been considered the main cause of AFF. Although
AFFs are considered an adverse effect of long-term BP use,
the exact pathophysiology underlying AFF development
remains unclear, and AFFs are reported in BP-naive patients
as well. The second ASBMR report emphasized the role of
lower limb geometry as an AFF risk factor [1]. Considering
our findings that the AFF location of each patient was con-
sistent with the FWP after adjustment following the whole
lower limb axis, we can conclude that an AFF is a kind of
insufficiency fracture that is initiated by a force greater than
the MPS of the femur. A recent study by Jung et al. [23]
revealed that femurs of Asian (Korean) elderly women were
more bowed than those of young women or elderly men. In
our opinion, in connection with the abovementioned find-
ings that a more bowed femur has a higher MPS (weaker
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Fig.6 The change of maximal stress location according to the
varus deformity of the knee. (A) The femoral weakest point (FWP)
in a neutral position. (B) The mechanical axis of the knee. (C) The

against tensile stress), the femoral geometric characteristic
of the Asian population could be a possible reason why more
AFFs (especially diaphyseal AFF) occurred in Asians, even
in BP-naive patients.

The current study has several limitations. First, this study
did not investigate bone turnover status. However, our study
findings are meaningful given that the FWP was well corre-
lated with the fracture site in all included patients with AFF.
Thus, both the geometric factor and bone turnover status are
important in AFF development. Second, this study simulated
various lower limb axes; however, no patient-specific fac-
tors, such as activity volume, subject-specific gait, or pos-
tural loading scenarios, were evaluated. In the future, FEA

400
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100

location of the incomplete atypical femoral fracture. (D) The FWP
adjusted with the varus and a 37-mm medial translation

models that apply more patient-specific information will be
needed.

Compared to incomplete AFFs, the treatment of complete
AFFs is more difficult and has poorer outcomes [24, 25].
Our findings can be applied clinically in high-risk patients
to assess potential AFF locations for early fracture detec-
tion using the complete lower limb axis. Imaging modali-
ties, such as dual-energy X-ray absorptiometry with lower
limb geometry, could be used in the early prediction of
AFF occurrence; this could achieve a more successful AFF
treatment in clinical practice. Furthermore, we suggest that
an extended femur scan should be performed on the entire
femur [26], including the femoral condyle, to evaluate the
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presence of anterolateral bowing, and estimate the apex of
the bowed femur using a reference line.

Conclusion

This CT/FEA study demonstrated that the weakest loca-
tion of the femur against tensile stress was associated with
the lower limb axis and femoral bowing. Lower limb varus
alignment or femoral bowing moved the weakest point dis-
tally, and the MPS increased related to varus alignment. The
weakest point, adjusted for the mechanical axis of the lower
limb using FEA, was well correlated with the real AFF loca-
tion based on clinical data.
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