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Abstract

Coronal shear fractures of the femoral neck (CSFF) are the most challenging
to treat among proximal femur fractures, directly affecting the life expectancy
of patients with osteoporosis. However, an adequate osteosynthesis method
has not been elucidated yet. This study investigated the displacement direc-
tion of the femoral head fragment and its effect on the bone using finite ele-
ment method. A finite element model for CSFF was developed from CT im-
age data of a patient with osteoporosis using Mechanical Finder (ver. 11).
Subsequently, finite element analyses were performed on six osteosynthesis
models under maximum load applied during walking. The compressive
stresses, tensile stresses, and compressive strains of each model were exam-
ined. The results suggested that the compressive and tensile stress distribu-
tions were concentrated on the anterior side of the femoral neck. Compres-
sive strain distribution in the femoral head and neck was concentrated in four
areas: at the tip of the blade or lag screw, the anteroinferior side of the blade
or lag screw near the fracture site, and the upper right and lower left near the
junction of the blade or lag screw and nail. Thus, the distribution of both
these stresses revealed that the femoral head fragment was prone to anterior
and inferior displacement. Distribution of compressive strains revealed the
direction of the stress exerted by the osteosynthetic implant on the bone. The
same results were observed in all osteosynthetic implants; thus, the findings
could lay the foundation for developing methods for placing osteosynthetic
implants less prone to displacement and the osteosynthetic implants them-
selves. In particular, the study provides insight into the optimal treatment of
CSFF.
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1. Introduction

The incidence of proximal femur fractures has been increasing globally due to
the growing older adult population [1] [2]. Treatment for these fractures de-
pends on the location of the main fracture line, rendering accurate diagnosis
clinically significant. Consequently, fracture types are classified based on the lo-
cation of the main fracture line (e.g., area classification, AO classification, Gar-
den classification, Pauwels’ classification, and Nakano classification to guide ap-
propriate treatment.

Recently, a new classification for coronal shear fractures of the femoral neck
(CSFF) has been proposed. These fractures are among the most challenging to
treat. CSFF refers to a basicervical fracture with coronal shear force elements
near it (AO Foundation/Orthopaedic Trauma Association [AO/OTA] type
31B3) or a shear fracture in the transcervical region (AO/OTA type 31B2.3) [3].

The fracture line of a CSFF is distinct from typical femoral neck fractures as it
exists in the transcervical region or under the femoral head on the anterior as-
pect of the femoral neck and at the base of the femoral neck on the posterior as-
pect. Additionally, the CSFF fracture line resembles a reversed J-shaped curve,
with the fracture line at the anterior cortex near the femoral head. This unique
configuration makes shear forces challenging to detect using X-ray images. The
shear stress and rotational instability are expected to be high, similar to AO
31-B3, Type 2, and AO 31-B2.3, Type 1-2 in the area classification reported in
previous studies [4]. Internal fixation is considered appropriate because the
blood flow to the femoral head is rarely interrupted, thus preventing necrosis
[3]. Consequently, intramedullary nail fixation is the first-line treatment for
CSFF.

Intramedullary nail fixation for treating proximal femur fractures offers ad-
vantages such as shorter operative time, less blood loss, and good fixation for
unstable fractures [5]-[7]. However, it also has disadvantages, including compli-
cations such as lag screw cut-out and secondary displacement due to excessive
shear forces on the fracture surface. Patients with osteoporosis, who have sparse
trabecular bone in the femoral neck, are particularly prone to complications due
to insufficient fixation forces [8] [9]. Therefore, achieving strong fixation against
shear forces at the fracture site is crucial. Understanding the biomechanics of
CSFF is essential for selecting an effective implant for osteosynthesis. To date, no
biomechanical studies on CSFF have been reported.

This study investigated the mechanism and treatment of CSFF by developing

a finite element model of CSFF with osteosynthesis using six different intrame-
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dullary nail implants. The finite element analysis examined the direction of
femoral head displacement and the effect of the implants on the bone.

To the best of our knowledge, this is the first study to perform a finite element
analysis of CSFF subjected to the maximum load of walking motion and focus
on the points of concentration of compressive stresses, tensile stresses, and

compressive strains.

2. Materials and Methods

This study was approved by the institutional review board of Akita University
(IRB No. 2482), and the patients provided informed consent to participate in
this study.

2.1. Finite Element Model

The finite element model was developed based on data from a 73-year-old pa-
tient with osteoporosis (height: 165 cm, weight: 66.2 kg) who participated in the
study. The patient suffered a proximal femur fracture caused by a low-energy
trauma, specifically a fall from a standing height. An orthopedic surgeon diag-
nosed the patient with osteoporosis. The diagnosis was further supported by
quantitative CT (QCT) data, as DEXA was not used to assess bone density. Ta-
ble 1 lists the detailed bone density data obtained via QCT and from the litera-

ture [10], confirming the patient’s osteoporosis.

Table 1. Bone mineral density measured using QCT and literature values [10] (mg/cm?).

Bousson et al, 2001 (QCT)

Volume of interest ~ Present study  Hjp fracture subjects Controls
(n = 47), mean (SD) (n = 60), mean (SD)

Femoral head 199.4 182.2 (44.7) 237.1(52.3)
Femoral neck 260.1 242.5 (48.7) 291.5 (48.3)

A CT scanner (Revolution CT, GE Healthcare, Little Chalfont, USA) was used
for imaging, with a slice thickness of 2.5 mm and a resolution of 512 x 512 pixels
per image. The bone mineral density phantom (QRM Quality Assurance in Ra-
diology and Medicine GmbH, Baiersdorfer, Germany) was used to scan the pa-
tient’s lower extremities.

The Mechanical Finder ver. 11 (Computational Mechanics Research Center,
Tokyo, Japan) bone strength analysis software was used to develop the finite el-
ement model. A three-dimensional (3D) model of the intact femur was con-
structed by extracting the region of interest around the cortical bone from each
CT image of the unfractured lower extremity. The stacked voxels were then
smoothed to create a smooth 3D femur model. The main fracture line of the
CSFF was incorporated into the 3D model to replicate the fracture area. An or-
thopedic surgeon confirmed the fracture line’s location under the femoral head

in the anterior part of the femoral neck and the neck base area in the posterior
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part. An osteosynthesis model was then constructed to fix the fracture (Figure 1)
using six types of intramedullary nail implants. The implants were categorized
into three groups: trochanteric fixation nail-advanced (TFNA) with a single
blade (DePuy Synthes, Warsaw, IN, USA) (Group 1), Gamma 3 nail with a single
lag screw (Stryker, Mahwah, NJ, USA) (Group 2), and AFFiXUS hip fracture nail
with two lag screws (Zimmer Biomet, Warsaw, IN, USA) (Group 3). Further,

short and long nails were used for each group (Figure 2).

wF

Anterior Sagittal Posterior

Figure 1. CSFF main fracture line location reproduced by a finite element model.

(@) (b) (©) G (e) ®

Figure 2. 3D models with implants inserted in CSFF: (a) short and (b) long nail of Group
1, (¢) short and (d) long nail of Group 2, (e) short, and (f) long nail of Group 3.

The intramedullary nail implants had identical dimensions and were prepared
following the method reported in [4]. Tetrahedral solid elements were selected,
with maximum and minimum element sizes of 8 mm and 1 mm, respectively. A
shell element measuring 0.3 mm in thickness was used on the outer cortical bone
[11]. A mesh convergence test was performed to ensure the reliability of the an-
alytical results. Four models were constructed with minimum mesh sizes of 0.9,
1, 2, and 3 mm. The displacement of the femoral head was evaluated under a
vertical load of 1500 N, with a convergence criterion of <5% increase. The con-
vergence criteria for CSFF were met between 2 mm and 1 mm; however, a min-

imum mesh size of 1 mm was chosen owing to the challenges in shaping the
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screw threads at 2 mm. The average numbers of nodes, shell elements, and solid
elements in the finite element model for each model were 150,930, 65,149, and

728,997, respectively.

2.2. Material Properties

The bone density was assigned to each element based on the Hounsfield unit
(HU) values from the CT images to accurately reproduce the unique bone
structure of the participant. The HU and bone density were calibrated by simul-
taneously imaging a bone mineral density phantom containing multiple rods
with known hydroxyapatite (HA) equivalent densities, pHA. In this study, we
used the QRM-BDC/3 Phantom (QRM Quality Assurance in Radiology and
Medicine GmbH, Mohrendorf, Germany). The QRM-BDC/3 contains rods with
HA equivalent densities of 0, 100, and 200 mg/cm’. Using five slices of the CT
data, we created a conversion formula for CT values to HA equivalent densities.
This formula assigns a density value of 0 to CT values below the density of 0.
The relationship between the HU values and bone density can be expressed as
follows:

B 0.0(HU <-1)

p_{O.SSXHU—N.l(HU:—I)' W

The anisotropic material properties of the bone could not be reproduced from
the HU values in the CT images when constructing the finite element model
[12]. Therefore, the cancellous bone was set as isotropic in this study. The
Young’s modulus of the bone was estimated using the conversion formula re-
ported in [13].

0.001(p =0)

£ 339000 (0< p<0.27) 2)
5370p+469(0.27 < p < 0.6)
10200p*' (0.6 < p).

The Poisson’s ratio of the bone was set to 0.4 [14]. Each implant was made of
titanium alloy (Ti-6Al-4V) with Young’s modulus of 113.8 MPa and Poisson’s
ratio of 0.34; both properties were homogeneously assigned to each element
[15].

2.3. Boundary Conditions

Each finite element model was subjected to the maximum load during gait, as
calculated in [16], which served as a boundary condition (Figure 3). The loading
conditions are detailed in Table 2. This value was calculated using a musculo-
skeletal model to determine the muscle tension attached to the femur during lo-
comotion and was validated against in vivo data. The displacement of the rigid
body was prevented by fully constraining the six degrees of freedom of the distal
femur. The coefficient of friction for bone-to-implant and bone-to-bone interac-

tions was set to 0.3 and 0.46, respectively, based on values obtained in [17] [18].
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P2

Fixed

Figure 3. Boundary conditions.

Table 2. Muscular forces on proximal femur based on walking.

Walking
Force Position
F:(N) F,(N) F,(N)
Body weight P1 0 0 —-649
Hip contact P1 350 213 —1488
Internal resultant P1 53 83 -508
Abductor P2 -376 -28 561
Tensor fascia latae, proximal part P2 —47 =75 86
Tensor fascia latae, distal part P2 3 5 -123
Vastus lateralis P3 6 -120 —603

This study analyzed the principal stress to predict whether the stress at the
fracture site was due to compression or tension. In addition, the direction of dis-
placement of the diaphyseal fragment was examined. The compressive strains at
the total proximal femur and fracture surface were evaluated to investigate the

direction of the stresses exerted by the implant on the bone.

3. Results

Compressive stresses were concentrated on the anterior neck side when viewed
from the sagittal plane for both the femoral head and sides (Figure 4). Tensile
and compressive stresses were concentrated on the anterior femoral neck side,
but not on the femoral head side (Figure 5). A comparison of the mean values of
compressive and tensile stresses in the femoral cross sections revealed that the
tensile and compressive stresses were smaller and larger, respectively, in each
group. The compressive stresses for all the osteosynthesis models ranged as 0.5 -

1 MPa, whereas the tensile stresses were less than 0.5 MPa (Figure 6).
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Femoral
head

(@) (b) () (d) (e)
N
Femoral
neck

Figure 4. Distribution of compressive stresses at the femoral head and femoral neck.

(@) (b) (c) (d) (e)
Femoral
neck

Figure 5. Distribution of tensile stresses at the femoral head and femoral neck.
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Figure 6. Average values of compressive and tensile stresses in the

femoral cross-section.

Compressive strains in the femoral head and neck (the total proximal femur)
were concentrated at the tip of the blade or lag screw, the anteroinferior side of
the blade or lag screw near the fracture site, and the upper right and lower left

regions near the junction of the blade or lag screw and nail (Figure 7).

DOI: 10.4236/wjet.2024.123041 657 World Journal of Engineering and Technology


https://doi.org/10.4236/wjet.2024.123041

Y. Mori et al.

@) (©) (e)
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Figure 7. Distribution of the compressive principal strain at the fracture site in the

total proximal femur.

The regions of each fracture surface were defined as illustrated in Figure 8(i).
The compressive strains were concentrated in the anterior region around the
blade or lag screw in the femoral head lateral section and the anterior inferior

region around the blade or lag screw in the femoral lateral section (Figure 8(ii)).

(i) Anterior { Posterior Posterior Anterior

Superior

Inferior

(i) (G)] (®) (©) (@ (e ®
Femoral
head
Femoral ‘
neck
™ 0.015
|,

Figure 8. (i) Definition of the regions of the femoral head and femoral cross-section. (ii) Distribution of the compres-

sive strain in the fracture cross-section.
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All findings regarding the compressive principal stress, tensile stress, and
compressive strain occurred at the same distribution positions in all osteosyn-
thetic implants, despite the differences in the implants (Figure 4, Figure 5, Fig-
ure 7, and Figure 8).

4. Discussion

To the best of our knowledge, this is the first study to demonstrate the concentra-
tion of compressive stresses at the anterior neck of the fracture cross-section on
the head side, and the concentration of compressive and tensile stresses at the an-
terior neck on the femoral side in all models of CSFF treated with intramedullary
nails. Compressive stress at the fracture site promotes fracture healing; however,
excessive tensile stress could enlarge the fracture gap and even cause nonunion
[19]. Our results indicate that the average compressive stresses in the femoral
cross-section were higher than the tensile stresses for each group. However, ten-
sile stress occurred at the same location as the compressive stress that promotes
fracture healing, suggesting that this may hinder fracture healing. No other frac-
ture types have been found that simultaneously concentrate compressive and ten-
sile stresses in the same location. Therefore, CSFF is considered a specific fracture
type with anterior displacement of the neck. Moreover, femoral neck fractures are
more unstable when the main fracture line is vertical [20]. Considering that
CSFF, including transcervical shear fractures analyzed in previous studies, has
high shear stresses due to the near-vertical main fracture line [4], femoral head
fragments tend to displace anteriorly and downward, highlighting the need for
osteosynthesis to control displacement in this direction (Figure 9).

Sagittal plane

Downward

Figure 9. Displacement direction.

This study also revealed that compressive strains in the femoral head and neck
of all models were concentrated at the tip of the blade or lag screw, the antero-
inferior side of the blade or lag screw near the fracture site, and the upper right
and lower left near the junction of the blade or lag screw and nail. In CSFF, the
femoral head tends to displace downward on the anterior side. To resist this dis-
placement, compressive strain was concentrated posteriorly upward at the tip of
the blade or lag screw (Figure 10 and Figure 11, O and @). The blade or lag

screw, made of titanium alloy, was both elastic and rigid, thus behaving similarly
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to a rigid body. This resulted in a reaction in the posteriorly upward direction,
concentrating compressive strain on the anteroinferior side of the blade or lag
screw near the fracture site (Figure 10 and Figure 11, @ and @). The stress
from the blade or lag screw affects the nail in contact, leading to compressive
strain around the deflected joint (Figure 10). Further, the concentration of
compressive strain in the upper right near the nail joints can be attributed to the
maximum load applied during walking, as illustrated in Figure 2. Therefore,
compressive strain is concentrated in four areas throughout the proximal femur
due to the stresses exerted by the blade, lag screw, and nail to resist displacement.
The stresses caused by these osteosynthetic implants on the bone were consistent
with the stress analysis at the fracture surface (Figure 12). Stress was concentrat-
ed in the anterior region due to stress (3 on the femoral head side’s fracture sur-
face. On the femoral side, stress was concentrated in the anteroinferior region
around the blade or lag screw owing to stresses (3 and @). Thus, there is a rea-
sonable relationship between the direction of femoral head displacement and the
stresses exerted on the bone by the osteosynthetic implant, implying that the
model analysis adequately reproduced the actual stress environment.

™ 0.015

Figure 10. Distribution of compressive strain after re-
moving the osteosynthetic implant in (a) in Figure 7.

Upward

@ Posterior

@‘ @
Anterior g
Inferior

Figure 11. Stress generated
on blade or lag screw.
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Figure 12. Stress on the bone by osteosynthetic implants on
the fracture cross-sections on the femoral head and femur
side.

To the best of our knowledge, no biomechanical studies have previously been
conducted on the mechanism and treatment of CSFF. In this study, a CSFF
model treated with osteosynthetic implants was created, and finite element anal-
ysis was performed under the load condition of walking. The results showed that
compressive stress, tensile stress, and compressive strain concentrated at the
same location in all six osteosynthetic implant models. The analysis of compres-
sive and tensile stresses revealed the displacement direction of the femoral head.
Moreover, the analysis of compressive strains revealed that the stresses exerted
on the bone by the osteosynthetic implant were consistent across all six models.

The distribution of compressive strain in CSFF differs from that in previous
studies (AO 31-B3, Type 2 in area classification, and AO/OTA type 31B2.3) [4],
which can be attributed to the difference in the direction of displacement. This
suggests that CSFF is a new fracture type with different displacement direction
and stress exertion by the implant on the bone compared to the proximal femur
fractures analyzed in the literature. Therefore, the data presented in this study
are expected to help develop osteosynthetic implants and methods for placing
them that are less prone to displacement.

However, this study had several limitations:

1) The study was conducted on the bones of only one patient with osteoporo-
sis. Therefore, studies with larger numbers of subjects are required to address
the individual differences in the progression of osteoporosis, bone geometry, and
bone quality.

2) We did not obtain data related to the existing osteosynthetic implants that
could be best suited for the osteosynthesis of the CSFF in this study. This can be
clarified in future studies wherein different parameters are considered.

3) The contact between implant components was analyzed considering fixed
constraints; however, a sliding mechanism exists between the actual lag screw or
blade and the nail. During surgery, the implant can be fixed in a non-sliding
manner to improve fixation. In several cases, the osteosynthesis of CSFF is per-
formed in a non-sliding manner. Another alternative is to apply pressure with a

sliding mechanism to promote osteosynthesis. Therefore, a new analysis that
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considers the mobility of the contact area between implant parts would be help-
ful.

4) In proximal femur fractures, multiple bone fragments often occur at the
fracture site [21]. However, only the major fracture line was reproduced in the
finite element model developed in this study. Therefore, a model that closely re-
sembles the actual fracture treatment should be developed. Creating a model
with the fracture line of each case intact would be helpful.

5) This study does not include any experimental validation of the FEA results.
Complementary testing, such as actual mechanical tests, could strengthen the
conclusions drawn from the simulations. Therefore, conducting mechanical

testing would be beneficial.

5. Conclusions

In this study, we modeled CSFF, a type of proximal femur fracture, and per-
formed finite element analysis using various implants for osteosynthesis. The
femoral head fragment was found to be prone to anterior and inferior displace-
ments. In addition, the compressive strain distribution revealed the direction of
the stress exerted by the osteosynthetic implant on the bone. These results were
consistent across all the different osteosynthetic implants. Therefore, the find-
ings provide valuable insights into developing optimal treatment methods for
CSFF, among the most challenging fracture types to treat.

This study is an essential step toward a more detailed and ideal analysis that
requires extensive calculations. The results lay the foundation for determining
the optimal treatment for CSFF, which holds great clinical significance. We hope
that further studies will be conducted using the methods and results of this study
and applying them to many patients.
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