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Introduction

Osteoporosis is a type of systemic bone disease wherein the patient
is highly vulnerable to bone fracture because of the decrease in
bone density and quality, destruction of the bone microstructure,
and an increase in the bone fragility. Most of the osteoporotic sub-
trochanteric fractures are unstable in nature, requiring the conser-
vative treatment of a long-duration bed rest and traction; this con-
dition is prone to complications resultant from extended bed rest,
often leading to death. Presently, the preferred treatment is internal
fixation, such as sliding hip screws, blade plates, locking compres-
sion plates, and femoral intramedullary nails [1-8]. Owing to its
valuable biological properties, intramedullary nail can be used for
the optimal fixation of subtrochanteric fractures [9-11]. Unless any
contraindication exist, immediate tolerable weight-bearing activi-
ties may be allowed to patients with subtrochanteric femur frac-
tures who have been treated with statically locked intramedullary
nails [12]. Considering that the proximal femoral fracture occurs
under the traction of the surrounding muscles, it is extremely chal-
lenging to perform precision reduction and fixation in the surgery.
Inappropriate reduction and selection of internal fixation can eas-
ily lead to failure of internal fixation, resulting in complications
such as lower limb shortening deformity, hip varus deformity,
and nonunion of fracture. Presently, good outcomes have been re-
ported with the use of PFNA combined with cerclage wire for the
treatment of subtrochanteric fracture of the femur [13-15]. There
are few studies to help decide whether PFNA should be combined
with cerclage wire or used alone according the Seinsheimer classi-
fication of subtrochanteric fractures.

Compared with the conventional biomechanical analyses, finite el-
ement analysis offers the characteristics of various loading modes,
multiple test indexes, intuitive experimental results, low research
cost, short test cycle, and application in dynamic analysis. In the
recent years, the finite element method has been widely applied in
the medical field, especially in the field of traumatic orthopedics.
In addition, it has been widely used for the optimization and de-
signing of hip prosthesis to assess the risk of femoral neck fracture

as well as for the prognosis evaluation of internal fixation treat-
ment [16-18].

In this study, we employed the finite element method to evalu-
ate the stability and necessity of fixation by PFNA in combination
with cerclage wire with reference to the Seinsheimer Classification
of femoral subtrochanteric fractures in the osteoporotic subtro-
chanteric fracture and to comprehend the probability of potential
complications.

Materials and methods

Three-Dimensional(3D) Models

The research protocol was in accordance with the Helsinki Dec-
laration and duly approved by the Research Ethics Committee of
our institution. Written pre-informed consent was obtained from
healthy volunteers for their participation in the study.

A 70-year-old healthy volunteer (height: 170 cm, weight: 63 kg)
was scanned by the 64-row Siemens spiral CT in the Jincheng
General Hospital. The scanning range was from the iliac to the
knee joint. The patient was kept in the supine position, with bi-
lateral toes forward, and the posture was maintained consistently
with the standing posture on both the legs. The slice thickness was
1 mm, and the images were stored in the DICOM format.

CT data in the DICOM format were imported to the Mimics Re-
search 20.0 Software (Materialise Belgium). After setting the
threshold, generating and editing masks, and filling and smooth-
ing, 3D models of the whole and cancellous of the left femur were
generated and stored in the STL format.

Next, the femur data was imported to the Geomagic Studio 2014
Software (Raindrop, USA) to remesh, remove spikes, smoothen,
extract surfacing, detect and edit contours, construct patches, and
fit the surface. The resultant optimized 3D model of the left femur
and cancellous bone was obtained, and the relevant IGS file was
exported.
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The IGS files of the femur whole and cancellous bone were im-
ported to the SolidWorks 2019 and saved. A new assembly was
then created and used in the origin coincidence command to
combine the two entities. Next, the part mode was entered and
the combination was used to give deletion commands in order to
construct the femoral cancellous bone and the cortical bone model.
The constructed elements were saved in the SLDPRT file format
after reconstruction.

We employed the SolidWorks 2019 (Dassault Systems, USA) soft-
ware to draw the PFNA-II Asian Internal Fixation System. The
commands of stretch, cut, loft, array and fillet were used to re-
construct the PFNA nail, spiral blade, and distal locking screw.
The PFNA nail length was 170 mm, and the valgus angle was 5
degrees. The screw blade length was 100 mm, the diameter was
10.5 mm, and the neck stem angle was 125 degrees. The elements
were saved as the SLDPRT file after reconstruction.

In the SolidWorks 2019, the left femur and PFNA were assembled
according to the standard surgical techniques. We confirmed that
the Tip-apex distance was <25 mm, the spiral blade was located in
the mid-lower portion of the femoral neck, and the main nail was
in a 3-point contact with the femoral cortex, albeit it did not pen-
etrate. The elements were saved in the SLDPRT file format after
reconstruction.

With reference to the Seinsheimer Classification system of sub-
trochanteric fractures, the fracture types 1B, IIC, IIIA, IIIB, and
IV fractures were constructed. Two types of IIC fractures were
constructed according to the relative position of the spiral blade
and fracture lines. All types of fractures were placed with cerclage
wires based on the fracture conditions. The resultant elements
were saved in the SLDPRT file after construction (Photo 1).

AR

Photo 1: Different models of subtrochanteric fractures ac-
cording the Seinsheimer classification of subtrochanteric
fractures.

Finite Element Analysis of the Model

The assembly of the femur and internal fixation in the SLDPRT
format was imported to the ANSYS Workbench 19.1 (ANSYS
INC, USA). The mesh command was used to create the mesh, fol-
lowed by mesh quality check. After meshing, a total of 152455
elements and 246827 nodes were generated in the femoral model.
The PFNA model generated 113423 elements and 176018 nodes.

The number of elements and nodes generated by other fixed mod-
els were slightly different. Convergence tests were performed on
all models to verify that element discretization was sufficient for
the stress analysis.

The material properties of PFNA internal fixation and the femur
were set to isotropy. The property of PFNA internal fixation ma-
terial was set as titanium alloy (elastic modulus of the osteoporot-
ic cortical bone: 110000 MPa, Poisson’s ratio: 0.35) [19-23]. The
property of cerclage wire material was set as structural steel. The
femoral cortex and cancellous material were set as suggested by
previous literature (elastic modulus of osteoporotic cortical bone:
15000 MPa and Poisson’s ratio: 0.3, elastic modulus of osteoporo-
sis cancellous bone: 105 MPa and Poisson’s ratio: 0.37) [24-28].
The friction coefficient between the bones was set to 0.46, that
between the bone and internal fixation was set to 0.3, and that be-
tween internal fixation was set to 0.23 [29, 30].

In this study, only the force of the acetabulum on the femoral head
was considered. The force was linearly loaded along 10 degrees to
the long axis of the femoral shaft and perpendicular to the spher-
ical surface of the femoral head in the anteroposterior view. Past
researchers have reported approximately 230% body weight when
standing on one leg [31, 32]. The femoral head was loaded with
a 1420-N force. Partial resection of the distal femur reduced the
amount of computation. the distal end of the model was fixed. Fi-
nally, we conducted finite element analysis and assessed the risk of
fracture surface sliding, spiral blade cutting-out, the nail and distal
lock screw fragmentation on different models.

Results

Model Validation

In order to confirm the validity of the model, a complete femoral
model was employed. The material property was assigned to nor-
mal cortical and cancellous bone. An axial force of 1500 N was
applied to the femoral head. The stress was mainly distributed in
the medial-upper portion and the posterolateral-lower portion of
the femur, in accordance with the physiological distribution of the
human body [33]. The axial stiffness obtained was 0.74 kN/mm,
which conforms to that obtained in previous experiments (0.76 +
0.26 kN/mm) [34].

Total Deformation Distribution

With the accumulation of stress, all fracture models showed lateral
fracture gap separation and medial fracture gap compression. The
maximum displacement of all fracture models was located at the
top of the femoral head (Photo 2). In the models III A, IIIB, and
IV, separation occurred between the medial and lateral fracture
fragments and the femoral trunk. In the PFNA alone group, the
total displacements of the models IIB, IIC.1, IIC.2, IIIA, IIB, and
IV were 1.202, 1.423, 1.582, 1.642, and 1.677 mm, respectively.
After the use of PFNA combined with cerclage wire fixation, the
total displacements of the models IIB, IIC.1, IIC.2, IIIA, IIIB, and
IV were 1.186, 1.311, 1.413, 1.569, 1.446, and 1.948 mm, respec-
tively. After the use of cerclage wire alone, the total displacements
of the models IIC.2, IIIB, and IV were reduced by 10.72, 13.74,
and 11.89%, respectively (Fig 1).
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Photo 2: The nephogram of deformation Distribution.
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Figure 1: Total deformation distribution between groups.
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Sliding Distance of the Fracture Surface

Contact tools were employed to calculate the sliding distance be-
tween the two fracture surfaces in order to evaluate the stability of
internal fixation. In the PFNA alone group, the maximum sliding
distance of the models IIB, IIC.1, IIC.2, IIIA, IIIB, and IV were
0.027, 0.369, 0.385, 0.076, 0.452, and 0.407 mm, respectively. In
the group of PFNA combined with cerclage wire fixation, the total
displacements of the models IIB, IIC.1, IIC.2, IIIA, IIIB, and IV
were 0.019, 0.219, 0.179, 0.065, 0.240, and 0.350 mm, respective-
ly. The sliding distances in the models IIC.1, 1IC.2, IIIB, and IV
were significantly higher than those in the models 1IB and IIT A.
The maximum sliding distance of the model IIC.1 was located on
the posteromedial fracture face, which reduced by 40.88% with
the use of cerclage wire. The maximum relative displacements in
the models IIC.2 and IIIB were located on the medial fracture face,

which were reduced by 53.48% and 46.71% with the use of cer-
clage wire. The maximum sliding distance of the model IV in the
anteromedial fracture face was reduced by 14.14% with the use of
cerclage wire (Photo 3) (Fig 2).

Photo 3: The nephogram of fracture surface sliding.
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Figure 2: Max fracture surface sliding between groups.

In the PFNA alone group, the maximum equivalent stress for mod-
els [IB, IIC.1, IIC.2, ITIA, I1IB, and IV were 4.426, 23.048, 25.236,
8.187, 25.076, and 26.271 MPa, respectively. In the PFNA com-
bined with cerclage wire fixation group, the maximum equivalent
stress of the models IIB, IIC. 1, IIC.2, IIIA, IIIB, and IV were 4.702,
11.368, 12.855, 10.065, 12.822, and 23.671 MPa, respectively.
The stresses of the spiral blade tip in the models IIC.1, IIC.2, I1IB,
and IV were significantly higher than those in the models IIB and
II A. After using the cerclage wire, the stresses for the models
IIC.1, IIC.2, and IIIB significantly decreased by 50.68, 49.06, and
48.87%, respectively (Fig 3).
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Figure 3: Equivalent Stress of Spiral blade tip between groups.

The Relative Displacement between the Spiral Blade and Fem-
oral Head in Y-axis

In the PFNA alone group, the relative displacements in the mod-
els IIB, IIC.1, IIC.2, IITA, IIIB, and IV were 0.087, 0.224,0.293,
0.167, 0.262, and 0.306 mm, respectively. In the PFNA combined
with cerclage wire fixation group, the relative displacement of the
models 1IB, IIC.1, 1IC.2, IIIA, HIB, and IV were 0.089, 0.170,
0.182, 0.147, 0.189, and 0.274 mm, respectively. The relative dis-
placements of the models IIC.1, 1IC.2, 1IIB, and IV were signifi-
cantly higher than those of the models IIB and III A. The relative
displacement for the models IIC.1, IIC.2, and IIIB were signifi-
cantly decreased by 24.11, 37.88, and 27.86%, respectively, in the
PFNA combined with cerclage wire group than in the PFNA alone

group (Fig 4).
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Figure 4: The relative displacement between the spiral blade and

femoral head in Y-axis between groups.

Equivalent Stress Distribution of Nails

The equivalent stress distribution area of a nail mainly included
the inner and outer portions of the upper-middle region, around
the nail-spiral blade interface, and at the distal nail-locking screw
interface. The maximum equivalent stress of the model IIb with
cerclage wire was distributed across the upper surface of the nail-
blade interface. The maximum stress of other models was distrib-
uted on the lower surface of the main nail blade interface (Photo
4).

Photo 4: The nephogram of nail stress distribution.

In the PFNA alone group, the maximum equivalent stresses on
the models 1IB, 1IC.1, IIC.2, IIIA, HIB, and IV were 153.86,
267.25, 420.24, 206.68, 387.04, and 454.22 MPa, respectively. In
the PFNA combined with cerclage wire fixation group, the maxi-
mum equivalent stresses on the models IIB, IIC.1, IIC.2, 1IIA, I1IB,
and IV were 131.19, 187.73, 225.87, 204.93, 274.99, and 418.90
MPa, respectively. The maximum equivalent stresses on the mod-
els IIC.2, I1IB, and IV were significantly higher than those in the
models IIB, IIC.1, and IIT A. In the PFNA combined with cerclage
wire group, the stresses on the models IIC.1, IIC.2, and IIIB were
significantly decreased by 29.75, 46.25, and 28.95%, respectively

(Fig 5).
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Figure 5: The max equivalent stress distribution of nails between
groups.
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Equivalent Stress Distribution of the Distal Lock Screw

The maximum equivalent stress was distributed above the nail-dis-
tal lock screw interface in the model I1IB with cerclage wire, while
it was distributed below the nail-distal lock screw interface in the
other models (Photo 5).
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Photo 5: The nephogram of distal lock screw stress distribution.

In the PFNA alone group, the maximum equivalent stresses on the
models IIB, TIC.1, 1IC.2, IITA, 1IIB, and IV were 26.608, 74.689,
100.34, 69.806, 107.920, and 133.65 MPa, respectively. In the
PFNA combined with cerclage wire fixation group, the maximum
equivalent stresses on the models IIB, IIC.1, IIC.2, IIIA, IIIB, and
IV were 26.173, 54.261, 56.061, 69.252, 57.864, and 113.650
MPa, respectively. The maximum equivalent stresses on the mod-
els IIC.1, IIC.2, IIIB, and IV were significantly higher than those
in the models IIB and III A. In the combination group, the stresses
on models IIC.1, IIC.2, and IIIB significantly decreased by 27.35,
44.13, and 46.38%, respectively, relative to that in the PFNA group

(Fig 6).
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Figure 6: The max equivalent stress distribution of distal lock
screw between groups.

Discussion

The fracture within the area 5-cm below the lower boundary of
the lesser trochanter is called the subtrochanteric fracture of the
femur. Subtrochanteric fractures account for approximately 5-20%
of all proximal femoral fractures [35, 36]. Biologically, the sub-
trochanteric region is the junction of cancellous bone between the
trochanter and the cortical bone of the femoral shaft, which is the

transition area from a wide to narrow bone marrow cavity, where
the distribution of the blood vessels is limited. In the biomechan-
ical terms, the subtrochanteric region of the femur is a high stress
concentration area that bears the highest tensile and compressive
stresses in the human skeleton [37]. In complex subtrochanteric
fracture of the femur, the proximal fragment of the fracture is in
the flexion, abduction, and external rotational position owing to
the traction of the medial gluteus minimus and the iliopsoas mus-
cles, which usually results in varus deformity and displacement
[38]. Strong muscle traction makes anatomic reduction difficult.
As a result, implant failure occurs, further resulting in increased
nonunion rate of the fracture [7]. Moreover, high compressive and
tensile stresses contribute to the development of nonunions [39].
As most of the patients with osteoporotic subtrochanteric fractures
are elderly, they cannot tolerate long-term bed rest. Therefore, ap-
propriate postoperative exercise is extremely important. Hence,
good fracture stability is undoubtedly the main factor for success-
ful recovery [40].

The main internal fixation methods of subtrochanteric fracture in-
clude intramedullary fixation and external fixation. Intramedullary
nailing is the main method for intramedullary fixation, while ana-
tomical locking plate is used for external fixation. Intramedullary
fixation is superior to extramedullary fixation in the biomechanical
terms because central fixation reduces the bending moment, reduc-
es the torsion force, and enhances the anti-rotation stability.

Intramedullary nail has been widely used in elderly patients with
osteoporotic intertrochanteric and subtrochanteric fractures. For
the intertrochanteric fractures, the intramedullary nail is easy to
implant with fewer complications and the convenience of early
weight-bearing allowance. The approach involving minimally in-
vasive wire cerclage can support the medial cortex, increase the
load tolerance, and avoid the varus displacement of proximal frag-
ments or screw cutting out from the femoral head. Recently, sever-
al studies showed that wire cerclage can prevent fracture block dis-
placement while enhancing the stability of intramedullary fixation
[41]. As compared with extramedullary fixation,the intramedullary
nail approach combined with steel wire cerclage results in lesser
trauma and bears stress through the central medullary cavity, while
reducing the bending moment, bearing lesser torsion, and showing
good anti-rotation stability [36, 42-45].

In this study, we employed the CT data of a 70-year-old healthy
volunteer in order to reconstruct the femoral cortex and cancellous
bone. The material attribute was set to osteoporotic bone. The load
of femoral head simulate the daily load of the hip. We aim to ac-
cess protective effect of cerclage wire on the internal fixation and
fracture stability by finite element analysis.

In this study, we demonstrated that, with an increase in the frac-
ture comminution degree and the stability of fracture surface, the
risk of PFNA blade cutting-out and distal locking nail breaking in-
creased correspondingly. In the model IIB, the use of cerclage wire
could slightly reduce the risk of sliding of the fracture surface and
the spiral blade cutting-out. In the models IIC.1 and IIC.2, the use
of cerclage wire could significantly reduce the risk of sliding of
the fracture surface, spiral blade cutting-out, and the nail and distal
lock screw fragmentation, but the effect was more significant in
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the model IIC.2. In the model IIIB, the use of cerclage wire could
significantly reduce the risk of sliding at the fracture surface, with
the spiral blade cutting-out, and the nail and distal lock screw frag-
mentation. In the model IV, the use of cerclage wire could slightly
reduce the risk of sliding at the fracture surface, the spiral blade
cutting-out, and the nail and distal lock screw fragmentation. In the
models IIC.1, IIC.2, and IIIB, the use of cerclage wire resulted in a
good protective effect on the internal fixation and fracture stability.
In the model IIB with cerclage wire, no significant protective ef-
fect was noted on the internal fixation and fracture stability. In the
models IIIB and IV, the effect of cerclage wire was only to protect
the movement of the fracture fragments.

There were some limitations. First, the subtrochanteric fractures
examined in this study reflected a simplified model, which ignored
the effects of muscles, ligaments, and joint capsules. Second, the
hip joint is a multi-axial joint that can perform the actions of flex-
ion and extension, abduction, and rotation. In the future, it will
be necessary to conduct hip joint loading and torsion experiments
from multiple perspectives. Third, the current model employs CT
data of a volunteer, but the length and shape of the femur have
individual differences; this issue necessitates the employment of
a larger sample size. Fourth, it is necessary to combine the finite
element method with cadaver experiments for a more definitive
inference of the study reports.

Conclusion

With reference to the Seinsheimer classification, the fractures in
this study of subtrochanteric fractures IIC and IIIB, the use of cer-
clage wire demonstrated a good protective effect on internal fixa-
tion and fracture stability. In the models IIIB and IV, the effect of
cerclage wire in protecting the movement of fracture fragments
was noted.
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