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or endostus of the external cortical. e concepts of Methods
iatrogenia (biphosphonates, glucocorticoids, proton e analysis of load distribution and the e ect of lower
pump inhibitors [3-5]) or comorbidities (rheumatoid limb alignment was made possible by nite element
arthritis, chronic kidney failure [6 7]) are now reduced modelling constructed from whole human femur CT
to minor criteria. Indeed, several scienti c studies {8 scans (z 5). e epidemiological and radiological
11] have supported the mechanical theory that thesecharacteristics of patients are summarized in Table 1
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:Finite element modeling (FE)
medial-diaphyseal fatigue fracture on curved femur and e methodology used to generate the numerical mod
sub-trochanteric fracture [12]. e hypothesis of this els was to reconstruct the entire femur from the CT
work was that the higher the axial varus deformation scan acquisition. e X-ray scan parameters for the
of the lower limb the higher probability of AFF occur samples were set to 120 kVp, 100 mAs, with 0.75 mm
ing. e objective of this biomechanical study, using cross-sections and an image matrix of 51512 pixels
nite element modelling, was therefore to evaluate the with a pixel size of 0.434 mm. Volume image segmen
variations of the femoral diaphysis fracture indicator tation and geometric model were performed using 3D
according to the variations of the mechanical axis of SLICER software (Version 4.11, Kitware, France). To
the lower limb, which can explain all the di erent atyp perform nite element modeling, the resulting model
ical fracture types identi ed in the literature. was imported and analyzed using AnsysVorkbench
software (Version 2020R2, Ansys Inc, United States).
Bone segment geometry was discretized using ten-
node tetrahedral element (C3D10), and mesh sensi
Table 1 Epidemiological and radiographic characteristics of tivity was analyzed for elements of dierent sizes, as
whole femurs modelled as nite elements recommended in the literature [1013, 14].
e model elasticity modulus have been assigned

Femur subject AA BB CcC DD EE . -

element by element. Bone is considered heterogene
Age (year) 73 71 88 65 60 ous and isotropic. For all models, a Poisson coe cient
Gender M M M F F of 0.3 was assigned [15]. e grayscale values from the
Side R L R R L CT scan data (Figl) express the Houns eld (HU) units
Length (mm) 43777 44444 30081 35636 38438 that identify bone density from the relationship (1)
Neck-shaft angle (deg) 12841 13093 13402 12513 12342 below with pqct as peripheric quantitative computed

Hip-knee shaft angle (deg) 546 434 524 727 638 tomography [16]:

High density

‘ High rigidity

Low gray

From CT scan to FE
analyses

Low rigidity

High gray Low density

Fig. 1 Femur bone density mapping (subject AA)
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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
In this work, the Young modulus of cortical and can of 70 I_(g (686 N) was applied to the penter of the femora.ll
head in neutral position as well as in varus/valgus posi

cellous bones [17] allocated to each element was deter. .

: . : ) tion by rotating the femur around the center of the femoral
mined from the relationships below:

head clockwise or counterclockwise in relation to the fron

pac (g/em? ) = 0007764 x HU - 0056148 (1)

ush (g/cm3) = 0.877 x poct + 0.0789 (2) @ plane(Fig.-p
Post-treatments
3 Although the fracture force prediction and fracture site
= 0.6
Papp (g/ om ) Pash/ () \were based on the criteria of the maximum principal stress

fracture theory, the fracture of a certain element has been
E(MPa) = 6850 x p,:’ (4) dened as occurring when the maximum stress of the ele
ment exceeds its elastic limit. e atypical diaphyseal femur
with p,sh @s ash density,p, as apparence density and E fracture risk indicator (FRI) was used for all load con gura

as elasticity module. tions, elucidating the e ect of the anatomical variations of
the femurs, their material properties and the mechanism
Alignment axes, loading and boundary conditions of these fractures. e risk indicator for tensile fracture

To determine the impact of lower limb alignment on (TFRI) and femoral diaphysis compression (CFRI) was the
stress amplitude and fracture risk factor, a load preto ratio of ultimate (maximum) bone stress to limit stress and
col corresponding to the standing position on both legs can be expressed as follows:

was modelled. In this scenario, in order to simulate the

L . . . C
misalignment of the femur, it was necessary to identify CERI — % min,ppal 5
the mechanical axes or loading axes. Reconstruction CT - (chppl ()

images were used to measure alignment [18]. e mechan
ical axis of the femur was considered a line connecting the
center of the femur head and the center of the knee. In

Mechanical axis of

Load angle, « varus » lower limb Load angle, « valgus »
4

Load beatfing « F »

Neck-shaft axis Head center
Z Y
Neck-shaft anle
V
Femur lentgh ——
L~ Hip-shaft angle X
Shaft axis m— ]
i |
3D Femoral ) .
mechancal axis \ l
&9
|
a . | d E
| \
Femoral Mechanical axis Femoral Mechanical Femoral Mechanical axis
«varum position» axis « valgum position »

« neutral position »

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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ol angle 10° (valgus) and the stress value almost twice
TFRI = %"Pal (6) (17.96 MPa, SD 4.87 MPa) higher for the angle 10°
%y,ppl (Table 2). ere is also a clear increase in stress during
wheres® ando! | are respectively the stress limits in varus deformation.
y:ppl y:ppl Figure 4 shows stress distribution in the diaphysis

compressive and tensile Strengdﬁax,ppal and Grgin,ppal region. e highest absolute stress value is located at 10°
are respectively the maximum and minimum main and 10° angles and decreases as the angle approaches
stresses. 0° (Table3). Under the same load, (Tabl@). Under the
After each load step, elements with the principal stresssame load, and in the varus direction con guration,
(opp1) €xceeding the yield stress( ;) were “failed” by  maximum main stress was localized at the lateral certi
assigning a very small Young's modulus (1 MPa). e cal femoral diaphysis, the minimum stress being local
relationships used betweeay,,; t and papp proposed by jzed at the medial cortical. On the contrary, under valgus
(Kheirollahi, et al.) [19]were stated as: stress, maximum main stress was localized at the antero-
medial cortical level of the femoral diaphysis, minimum

_ 2.03
oy = 116p,;.°(MPa) ) stress being localized at the lateral cortical. In addition,
maximum stress was localized to the proximal diaphysis

Results region in the neutral position and changed the localiza

e alignment of the lower limb in uences the distribu - tion to the distal diaphysis region at the valgus or varus
tion of stresses in the femoral diaphysis in a bipodal load®"9/€s. € stress values at the level of the femoral dia
con guration. Deformation due to axial alignment varia PhySis evolved by varying the angle of varus or valgus.
tions also a ects the risk of fracture.

Risk of atypical femoral fracture
Stress distribution To study the e ect of misalignment on the risk of femur
Figure 3 shows the variation in von Mises equivalent fracture, fracture indicators and tensile and compres
stress for all subjects. e mean maximum stress value Sive stress limits for the proximal femur and diaphysis
of von Mises was 9.53 MPa (SD2.52 MPa) for angle were calculated separately. In all cases, the FRI based on
0° while the mean maximum stress value of von Misesthe main stress criterion were calculated for the femur
was 1.63 times higher (15.47 MPa, SB68 MPa) for  diaphysis in standing position, taking into account the

Mean von Mises stress
—#—Max von Mises stress_ AA subject
~ —+—Max von Mises stress_BB subject
2 —+—Max von Mises stress_ CC subject
= ——Max von Mises stress_DD subject
St 25 Max von Mises stress_ EE subject
[0} "
0 o
e <
=)
7))
)]
)]
IQ
=
=
(=}
>
Varus Valgus
0
-15 -10 -5 0 5 10 15
Varus_valgus load direction angle (deg)
Fig. 3 Maximum von Mises stress as a function of varus/valgus angle
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Fig. 4 Maximum von Mises stresses of the diaphyseal area for the subject AA. Valgus/varus angles: between 10 °and 6 for valgus, between 6
and 10 for varus

inclination or direction of the load. e calculated FRI deformation simulated ( 10°) found a higher risk of
are shown in Fig. 5 diaphysis fracture indicator than in valgus (10°).
Increased risk indicator of diaphysis fracture was e decrease in varus from 10° to 0° decreased the
observed for maximum varus and valgus deformations.mean value of the compression fracture risk indicator
e FRI fracture risk indicator of the femoral diaphy- and the mean value of the traction fracture risk indica
sis varies proportionally with the absolute value of thetor from 0.131 (SD 0.036) to 0.051 (SD0.008) respec
steering angle (Table4). However, the largest varus tively, and from 0.122 (SD 0.031) to 0.043 (SD0.010).



Page 7 of 11

165

(2022) 17

Severyns et al. Journal of Orthopaedic Surgery and Research

10T SLT 05T 9T €T 180 190 /80 €T  9€T ST 9T 90T e 58T 1z€ L9€¢ 80y ov'y 95y €Ly as

eToT 188 192 59 0TS  88¢  ¥YE  09€  G8€  8Z¥  LL¥  9€S 09 689 Ll 198 856  2S0T  ¥STT 22T 10T abesany
9TZT  €50T  6€06 9997  T/Z9 v¥88Y  66¢F GSLY 602G 128G 999  TIEL  60¥8 8096  SOTT G2l vBET  LEST 0891 €8T  S96T

T2 129 9€'s vSY 69€ 697 €T ¢8¢ Irz 187 €€  ¥8€ L&y 10§ 855 01’9 129 €L 6L 68 X3 juey

wiwnuwixen

0z's 687 65 ey €0y 9L 8ee  TL¢ 60T  ¥9T 95T €T 6TT  9LT LTe 6v'€ 18°¢ 454 1344 0Ly 106 as

?8ST  29¥T  TWET  cgel  YOTT /86 6.8 908  vyL 269 189  vyL  6¢8  LZ6  TIS0T  T8TT  OTET  6EYT  69ST 6697 628 afesony
€0€6  JSY8 6097  6S/9  L06S 88TS  96v¥  695Y 069F TZ8Y  [86%  T8ZS 9GS 698G  89y9  TOEL  CET8 €668  T166  280T  €LTT

L9LT 9591 ¥¥ST 9%l LE€ET  8eTT  6ETT  OVOT  CI¥6  8E¥8  /SP8  8T€6  ¥90T Tl TLET  OEST  889T  9¥8T €002  6S9T¢  LT€z  sqe)ebuey

wNWIUIN

0T 6 8 L 9 S 14 € z T 0 1 4 € 14 S 9 L 8 6 0T  (Bep)albuy

(edN) ssans urely

s109lgns an  ay Joj snbjea/snien ul sisAydelp [eJowia) Y3 JO SUTeAS Urew ayl Jo SUea € ajqel



Severyns et al. Journal of Orthopaedic Surgery and Research (2022) 17:165 Page 8 of 11

5 0.18 s 0.8
2 0.16 s 0.16 Sujet DO
2 0.14 Sujet AA S 0.14
£ 0.12 1= 0.12
x 0.1 x 0.10
= 0.08 = o.os
[ 0.06 e
= =1
£ ©
@ I . o
= w
-10-9-8-7-6-5-4-3-2-1012 345678910 109876-5-4-32~1012 4 6 7 8 910
Varus_valgus angle (deg) Varus_valgus angle (deg)
= CFRI = TFRI TFRI
e
| 0.16 % 0.16 Sujet EE
% 0.14 Sujet BB o 0.14
ke 0.12 = 0.12
E 0.10 % o1o
> 0.08 2
= 0.06 2
[ =
5 ©
€ : £
E-10-9-8-7-6-5-4-3-2-1012345678910 0-98-7-6-5-4-3-2-10 12345678 910
Varus_valgus angle (deg) Varus_valgus angle (deg)
= CFRI =TFRI = CFRI = TFRI
1
. 0.18 S 0.18
3 0.16 Sujet CC § 0.16 Mean
8 0.14 b 0.14
e 0.12 = 0.12
= 0.10 w 0.10
] o.oc = 0.08
2 °
® 5 .06
5 ©
2 ©
“ 109-8-76-5-4-3-2-1012 345678 910 109 -8-7-6-5-4-3-2-1012 3456 7 8 910
Varus_valgus angle (deg) Varus_valgus angle (deg)
= CFRI =TFRI = CFRI = TFRI
Fig. 5 Femoral diaphysis fracture risk indicators for all subjects in all con gurations

e increase in valgus deformation from 0° to 10° of the diaphysis. Sasaki et al. [8] compared the femoral
increased the mean value of the compression fracturecurvature of nine elderly patients treated for low energy
risk indicator and the mean value of the traction frac diaphyseal femoral fractures with those of 24 controls
ture risk indicator respectively from 0.051 (SD.008) to  without fractures. ey reported that femoral curvature
0.101 (SD 0.039), and from 0.043 (SD0.010) to 0.090 was signi cantly higher in patients with AFF compared to

(SD 0.024). the control group, suggesting that an increase in femoral
curvature could be a causal factor of AFF. For the same
Discussion purpose, Morin et al. studied femoral geometric param

Axial deformation in varus of the lower limb, all causes eters using EOS imaging of 16 Caucasian women with
combined, presented a higher risk indicator of femoral AFF [20]. eir analysis showed that these patients had
diaphysis fracture than in valgus. is means that varus a more laterally curved femur of 3.2° (SD 3.4) versus
alignment could play a major role in AFF pathophysiol 0.8° (SD 1.9) for the control group. Our study evaiu
ogy. e diaphyseal fracture risk indicators have the high ated the femoral stress distribution as well as the risk of
est values for extreme axial deformation (-10°/10°). is AFF exerted on a member in varus, whatever its origin:
shows a strong correlation between AFF risk and thefemoral, tibial, or femoral-tibial. e observed results
mechanical axis in varus/valgus. highlight the importance of considering axial deforma
In the literature, some studies have associated diaphytion as a whole, and not only on the curvilinear character
seal femoral stresses with axial deformities due to femo of the femur.
ral curvilinear (primary or secondary) malformations. Oh  Regarding the location of the fracture, for Oh et al. [9]
et al. [9] demonstrated using a tomography-based nite they appeared to be full-blown fatigue fractures of the
element method that patients with arched femoral dia mid-shaft diaphyseal fractures on the curved femur. e
physis had greater stresses on the anterolateral surfacecation of the atypical fracture could then be determined
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by the individual distribution of the stresses related to the their multifactorial character. e combination of axial
curvature of the femur as well as its cervical-diaphysealleformation stress and bone fragility create an environ
angle [21]. Models with signi cant varus deformation ment conducive to the development of AFF.
had higher tensile stresses at the end of the distal lateral e limitations of our FE modeling come from a small
diaphysis of the femur, which may indeed explain thesample of patients whose original FTA we did not know
mid-shaft diaphyseal location of some AFF. e models about. Similarly, the applied boundary conditions did
with the least axial deformation had increased tensilenot take into account the speci ¢ weight of each sub
stresses in the proximal region, which may explain theject. Stress distribution is directly related to the geem
occurrence of sub-trochanteric fractures. ese obser etry and we have not varied the femoral geometry, even
vations are consistent with the study by Saita et al. [21]though variation can be the cause of the modi cation
which evaluated the alignment of the lower limbs in of the FTA, as is the case of curved femoral bone. Nor
standing position in 10 patients with AFF [22]. we did not consider the alteration of bone tissue in our
ey found that the mechanical axes of the lower model, but it remains a minor factor of AFF.
limbs, represented by the femoral-tibial angle (FTA), eor
related with fracture height. Patients with medial-dia
physeal AFF had larger FTA (183.3°), while patients withConclusions
sub-trochanterian AFF had smaller FTA (172.8°), eon Variations in the mechanical axis of the lower limb
cluding that the alignment of the lower limb a ected the in uence stress distribution at the femur diaphysis and
location of the fracture. In addition, the femoral morpho increase the risk of AFF. e axial deformation in varus
logical parameters reported in AFF populations in the is particularly at risk of AFF, whatever its origin: fem
Morin study [19] presented a wider alignment of varus atoral, tibial; or femoral tibial deformity. Although the
the knee joint relative to the control group ( 1.6° (4.2) fracture pro les and their di erent locations show their
vs 0.4° (1.9)). Haider et al. [10] also attempted to deter multifactorial character, varus deformation seems to be
mine the most important morphological parameters for a determining factor. e combination of axial defor-
AFF. ey found that the greatest variations were caused mation stresses and bone fragility consequently eon
by the radius of the femoral diaphysis and the angle ofribute to the creation of an environment favorable to
lateral curvature [20]. the development of AFF.
Our results therefore reinforce the idea that the abnor
mal mechanical properties of the femoral diaphysis may o
be due to misalignment of the lower limb and are associ gg.thorsy contributions et A satict .

. study design and protocol. MS: redaction. KA: statistical analysis and study
ated with the development of AFF. Impairment of bone protocol. AB: reviewing and corrections. AG: corrections and statistical analysis.
tissue properties, classi ed as minor criteria by ASBMR TV: head of laboratory and study protocol. All authors read and approved the
[23, 24] should also be considered. al manuscript

Prolonged alteration of bisphosphonate-induced Funding
bone remodeling [25] or suppression of bone remod Nofunding sources.
eling would result in deterioration of bone microarchi Availability of data and materials
tecture, reduce the bone repair process, and resuliNotapplicable.
in accumulation of bone micro-damage, source of
low-energy diaphyseal femoral fractures or AFF [23].Declarations
An accurate estimation of fracture risk is therefore
required before introduction of bisphosphonate ther
apy in osteoporotic patients [726,27]. For a long time,
AFF was considered in terms of transverse stress fracConsent for publication
. . . . . All authors consent for publication.
tures occurring in the lateral femoral diaphysis asseci
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