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Abstract

BACKGROUND
Failure to fix unstable intertrochanteric fractures impairs return to daily activities.

AIM
To simulate five different internal fixation methods for unstable proximal femoral
fractures.

METHODS

A three-dimensional model of the femur was established from sectional computed
tomography images, and an internal fixation model was established. Finite
element analysis of the femur model was established, and three intertrochanteric
fracture models, medial defect, lateral defect, and medial-lateral defects, were
simulated. Displacement and stress distribution after fixation with a proximal
femoral anti-rotation intramedullary nail (PFNA), integrated dual-screw fixation
(ITN), PENA + wire, PENA + plate, and PFNA + wire + plate were compared
during daily activities.

RESULTS

The maximum displacement and stress of PFNA and ITN were 3.51 mm/473 MPa
and 2.80 mm/588 MPa for medial defects; 2.55 mm/288 MPa and 2.10 mm/307
MPa for lateral defects; and 3.84 mm/653 MPa and 3.44 mm/641 MPa for medial-
lateral defects, respectively. For medial-lateral defects, reconstructing the medial
side alone changed the maximum displacement and stress to 2.79 mm/515 MPa;
reconstructing the lateral side changed them to 3.72 mm/608 MPa, when both
sides were reconstructed, they changed to 2.42 mm/309 MPa.

CONCLUSION

For medial defects, intramedullary fixation would allow early low-intensity
rehabilitation exercise, and ITN rather than PFNA reduces the risk of varus and
cut-out; for lateral wall defects or weakness, intram-edullary fixation allows
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higher-intensity rehabilitation exercise, and ITN reduces the risk of varus. For
both medial and lateral defects, intramedullary fixation alone will not allow early
functional exercise, but locating lateral or medial reconstruction will. For defects
in both the inner and outer sides, if reconstruction cannot be completed, ITN is
more stable.

Key Words: Hip fractures; Fracture fixation, Intramedullary; Finite element analysis

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: This study modeled different internal fixation methods for unstable proximal
femoral fractures. Finite element analysis of the femur model was established and three
intertrochanteric fracture models were simulated. For medial defects, intramedullary
fixation would allow early low-intensity rehabilitation exercise, and integrated dual-
screw fixation (ITN) rather than proximal femoral anti-rotation intramedullary nail
reduces the risk of varus and cut-out; for lateral wall defects or weakness, intrame-
dullary fixation allows higher-intensity rehabilitation exercise, and ITN reduces the
risk of varus. For both medial and lateral defects, intramedullary fixation alone will not
allow early functional exercise but locating lateral or medial reconstruction will.

Citation: Mu JX, Xiang SY, Ma QY, Gu HL. Selection of internal fixation method for femoral
intertrochanteric fractures using a finite element method. World J Clin Cases 2021; 9(22):
6343-6356

URL: https://www.wjgnet.com/2307-8960/full/v9/i22/6343.htm

DOI: https://dx.doi.org/10.12998/wjcc.v9.i22.6343

INTRODUCTION

An intertrochanteric fracture is a common fracture in the elderly, accounting for about
half of the 258000 hip fractures in the United States each year[1]. The prevalence of hip
fractures increases significantly as people reach more than 70 years of age[2]. The main
goal of treating intertrochanteric fractures is to return to the pre-injury state as soon as
possible and achieve early weight-bearing. In the past 40 years, the improvement of
implants has achieved consistently good results for stable intertrochanteric fractures,
but the treatment failure rate of unstable fractures is still much higher. Unstable
intertrochanteric fractures include posterior medial comminutions, lateral wall defects,
and reverse oblique fractures[3]. The most common type is the posterior medial
comminuted type (AO 31A1.3), followed by a defect of the lateral wall, while reverse
oblique fractures are relatively rare[4]. There is a tendency for hip varus and excessive
collapse after unstable intertrochanteric fractures, which may lead to postoperative
pain, dysfunction, and even implantation failure[5]. This is contrary to the early
recovery of the preoperative state that we pursue. Therefore, in-depth research on the
biomechanical mechanism of unstable intertrochanteric fractures to achieve fixation
allowing early weight-bearing and complete daily activities is required.

In 1949, Evans proposed that reconstruction of the medial cortical continuity can
transform unstable fractures into stable fractures. Many anatomical studies found that
there is a thickened bone band in the posterior medial side of the femur, which can
redistribute the stress to the anterior and lateral sides[6]. Therefore, destruction of the
posterior medial side means that the fracture can easily collapse due to axial load,
which may cause hip varus. Some studies have shown that reconstruction of the
posterior medial cortex can promote fracture healing and reduce postoperative
complications[7]. Gotfried[8] first proposed the “lateral wall” concept through
retrospective research and pointed out that the lateral wall should be paid attention to
in surgery. Im et al[9] and Palm et al[10] also through retrospective studies, once again
confirmed the “lateral wall” concept and pointed out its scope: In the lateral side, the
area formed by the plane from the lateral femoral muscle crest to the midpoint of the
trochanter. Niu ef al[11] pointed out that it has an important impact on the efficacy of
surgery. The complete lateral wall of the proximal femur can play a good role in
supporting the proximal femoral bone. If the lateral wall structure is damaged during
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or after surgery, it is lost. The support of the medial bone block will lead to failure of
the internal fixation and failure of the operation.

With the introduction of intramedullary fixation, the intramedullary nail system has
become a new promising method for the treatment of femoral intertrochanteric
fractures. Studies have shown that for unstable intertrochanteric fractures, the
application of an intramedullary fixation system can achieve better results[12]. Abram
et al[13] believe that the three-point stable structure of the proximal femur, that is, the
TAD of the head nail, the integrity of the lateral wall where the cephalomeduallary
nail enter, the integrity of the insertion point of the greater trochanter, and the
integrity of the lateral wall is the most important. The biomechanical[14] experiments
of Nie et al[14] show that the effect of a medial defect alone on the biomechanical
stability of the proximal femur is greater than that of lateral wall defect alone.
Therefore, it is unclear whether a medial defect or lateral wall defect has a more
important effect on stability. As a new type of intramedullary fixation, integrated dual-
screw fixation (ITN) has a better effect than traditional gamma nail and anti-rotation
blade[15]. This study aimed to find a biomechanical answer.

Clinical studies suggested the biomechanical properties of the proximal femur still
need to be fully understood. With the progress of computer science, there has been
increasing interest in the application of a finite element method for biomechanical
analysis. This study was based on finite element analysis to analyze the biomechanical
stability of femoral intertrochanteric fractures involving lateral and medial defects
after the application of different internal fixators in order to provide the best set of
internal fixation options for femoral intertrochanteric fractures involving lateral and
medial defects.

MATERIALS AND METHODS

Experimental materials

Experimental specimens were selected from a 30-year-old healthy male volunteer who
signed an informed consent form before undergoing scanning for medical images. The
subject was 172 cm in height and 70 kg in weight and denied a history of femur
trauma. X-ray was used to rule out pathological changes and injuries. All instruments
and equipment were in Shengjing Hospital Affiliated with China Medical University.

Construction of a three-dimensional model of the normal femur

With the volunteer in a supine position, the phantom was placed under the
examination area and the scanning bed adjusted so that the scanning area was located
centrally. Scanning [PhilipsBrillance128 spiral computed tomography (CT) scanner]
was undertaken with the following conditions: 120 kV, 125 mA, slice thickness 1 mm,
and spiral axial scanning of the whole bilateral femur from top to bottom. After the
original data were interpolated and magnified on a computer (Lenovo), continuous
pictures with layer thickness were obtained and recorded in the Digital Imaging and
Communications in Medicine (DICOM) format and saved onto a CD. The CT cross-
sectional images of the femur in DICOM format were imported into the medical image
processing software Mimics 17.0 (Materialise, Leuven, Belgium) for denoising. The
ideal boundary threshold of the bone and soft tissue was defined, the soft tissue image
around the bone was removed, and the images were selectively segmented according
to the anatomical structure. All parts of the femur were aligned to fill the small gaps,
make the outer contour of the femur smooth and continuous, and establish a geometric
model of the femur (Figure 1). The constructed femur information was saved as a
standard tessellation language (STL) format file, and the reverse engineering software
Geomagic Studio 2012 (3D Systems, Rock Hill, SC, United States) was used to repair
and optimize the STL format file. First, the non-feature blocks and dents on the model
surface were removed, and the loose model surface was smoothed to prevent the
generation of non-feature high curvature and self-intersecting surfaces. Then, the
smooth curved surface was used to fit the triangle surface of the model, and finally, a
continuous curved surface model was generated. The femoral cortical bone and
cancellous bone were distinguished by the offset function.

Design and construction of different fracture models

For the design of the posterior medial defect, according to the research of Xiong et al,
we found that the posterior medial defect can reach 39% of the perimeter of the femur
at the lesser trochanter level[16]. Combined with the analysis of the shape of the
posterior medial fracture block by Gaurav et al[17], we designed the size of the medial
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Figure 1 Geometric model of the femur.
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injury (model a) as shown in Figure 2A, which is closer to the real medial injury seen
in clinic. At the same time, from the mechanical point of view, this size of injury can
well simulate the mechanical state of the proximal femur after the medial result is
destroyed.

In recent years, the concept of the lateral wall of the femur has been gradually
accepted by orthopedic surgeons. The lateral wall has an important influence on the
postoperative stability of intertrochanteric fracture. In clinic, complete rupture of the
lateral wall is relatively rare, and it is more due to the weakness of the lateral wall
caused by the injury, so we designed the lateral wall injury as a bone cortical defect
around the main nail (model b) as shown in Figure 2B, which can simulate the more
common lateral wall defect in clinic.

By combining the medial defect model with the lateral defect model, the medial and
lateral defect model (model c) can be obtained (Figure 2C).

Design and construction of internal fixation model

A proximal femoral anti-rotation intramedullary nail (PFNA) was selected as a repres-
entative and reliable method of intramedullary fixation, as shown in model 1 of
Figure 3A. In this experiment, a group of interlocking intramedullary nails were
designed for comparison, as shown in model 2 of Figure 3B. A reconstruction model
was created according to Kulkarni et al[18] to verify its reliability as model 3
(Figure 3C).

It is still controversial whether the lateral wall needs to be reconstructed according
to Abram’s “three-point stability” theory[13]. Therefore, a lateral wall protection plate
combined with PENA was designed, as model 4 shown in Figure 3D. At the same time,
the method of steel wire encircling can also be applied to the reconstruction of the
lateral defect.

Without considering the difficulty of the operation, to test whether internal and
external construction carried out at the same time would better restore the mechanical
stability of the proximal femur, model 3 was designed as shown in Figure 3C, which
uses a steel wire to close the internal and external fracture pieces. When also using the
outer steel plate to repair the outside, the inner side can also be ligated with the steel
wire; model 5 was designed as shown in Figure 3E.

In the anti-rotation intramedullary nail fixation model, the anti-rotation blade of the
PFNA was located at the middle and lower 1/3 of the femoral neck. The screw tip was
10 mm away from the femoral boundary, and the lateral view was in the center of the
femoral neck. In order to ensure the comparability of PFNA and ITN, the axes of the
cephalospinal nails of the two were kept consistent. The lateral greater tuberosity
protective plate surrounded the tail of the cephalad nail, and its midline was
consistent with the lateral long axis of the femur. Using the candy paper wrapping
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Figure 2 Medial injury models in the 3D-model. A: Medial defect model; B: Lateral defect model; C: Lateral and medial defect model.

Figure 3 Fixation models in the 3D model. A: Proximal femoral anti-rotation intramedullary nail (PFNA) representing intramedullary fixation model 1; B:
Interlocking intramedullary nails model 2; C: PFNA and steel wire model 3; D: PFNA and interlocking plate model 4; E: PFNA with wire and plate model 5.

method, the upper edge of the steel wire group was along the upper part of the
femoral neck, and the lower part was along the lower part of the lesser trochanter to
pressurize the lesser trochanter. The two upper and lower branches crossed over the
outer side of the tail of the cephalad nail to compress the greater trochanter bone. In
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the steel wire and steel plate combined group, the position of the steel plate was the
same as the position of the steel plate group alone, the upper and lower positions of
the steel wire relative to the femoral neck were the same as mentioned above, and the
steel wires crossed on the outside of the steel plate.

For the meshing process, the intramedullary nails, proximal spiral blades, and distal
transverse locking nails were edited as a standard tetrahedral mesh with a size of 2
mm. The femoral cortical bone and femoral cancellous bone were divided into
standard tetrahedral meshes with a size of 3.5 mm. The numbers of elements and
nodes of the models are shown in Supplementary Table 1. The contact properties of
the bone-metal contact were set with a friction coefficient of 0.2, except for ITN tension
nails and compression nails in which some threads were set to bind. The threaded area
was the set binding, and the non-threaded area was the contact attribute with a friction
coefficient of 0.2[19,20].

Design and construction of three-dimensional finite element models of femoral

trochanter fracture

The internal fixation model was constructed with Solidworks software (French
Dassault), and the internal fixation system was based on PFNA intramedullary nail
and combined pressurized intramedullary nail produced by Double Technology Co.,
Ltd. The solid model of the femur generated by GeomagicStudio was imported into
the design software Solidworks in IGES format to simulate trochanter fractures with
medial defect, lateral defect, and both lateral and medial defects, and combined with
the established internal fixation models to establish three-dimensional finite element
models of femoral trochanter fractures (Abaques 6.14) with different internal fixation
methods. The statistics of the three assembly elements and the total numbers of nodes
are shown in Table 1.

Boundary and loading
In the current study, the maximum stress and maximum displacement were obtained
with Abaqus 6.14 (Dassault, France). Bergmann et al[21] showed that when standing
still, standing on one leg, and going up and downstairs, the loading stress during
normal walking was 100%-140% body weight (BW), 232%-369% BW, 227%-316% BW,
and 211%-285% BW, respectively. The average range of peak load in daily life is 50%-
350% BW. In the current research, to simplify the calculations, 100% BW was used
when standing normally, 200% BW for slow walking, 250% BW for fast walking, and
300% BW for walking downstairs. Using this information with the three-dimensional
model, the following four representative exercise modes in daily life were designed:
Standing model A: This model simulated the hip load of a 70 kg adult male standing
normally, the loading stress was 700 N vertically downward, and the hip adduction
was 15°; slow walking model B: This model simulated the maximum hip load during
slow walking during rehabilitation exercise after surgery. The rehabilitation training of
patients was measured 3 d after the operation, and their step length interval was 46-58
cm, which was slightly smaller than that of healthy elderly[22]. In order to simplify the
calculation, 50 cm was set in the slow walk model to get the hip load mode, the
loading stress was 1400 N vertically downward, hip adduction was 10°, flexion 17°,
and external rotation 15°; normal walking model C: This model simulated the
maximum load of the hip during walking of the healthy elderly. The step size was set
to 60 cm. In the normal walking state, the impulse on the hip is greater, the range of
movement is greater, and the corresponding loading stress is greater. Therefore, the
hip load mode was set to 1750 N vertically downward, hip adduction was 10°, flexion
20°, and external rotation 15°; and stair descent model D: This model simulated the
maximum load of the hip when the healthy elderly place one side of the foot in contact
with the ground when descending down a step, which is usually the maximum load
on the hip in daily life[21]. However, patients with femoral intertrochanteric fractures
rarely complete this action after a recent operation. The impulse on the hip is very
large, but the range of hip joint movement is small. The load was set to 2100 N
vertically downward, hip adduction was 10°, flexion 10°, and external rotation 15°.
After setting the loading mode, it was assumed that the fracture surface was
completely broken and in the contact state, and the friction coefficient was 0.2[23]. The
femur bears many loads, including muscle force, joint force, and dynamic impact
force. It is complicated to simulate this load with finite element analysis. In view of
many uncertainties in the finite element simulation of muscle loading, including the
number and direction of selected loads, it is more difficult to accurately simulate the
dynamic load[24]. This experiment simplified the model and analyzed the compre-
ssion load of the model. The load of the femur of the human body under four loading
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Table 1 Material properties of the femur and internal fixation model[28,29]

Material Elastic modulus (Mpa) Poisson ratio
Cortical bone 16800 0.29
Cancellous bone 260 0.2

Internal fixation 110000 0.3

Jaishideng®

modes was simulated, with different loads on the outer surface of the contact area
between the femoral head and the acetabulum along the direction of the force line.
Schneider et al[25], after measuring the load of the model of femoral shaft fracture
fixed with an intramedullary nail, found that the femur was subjected to 2-5 N 'm
torque when the human body was walking with weight. Duda et al[26] reported that
the maximum torsional load on the femur is about 0.01 body weight per meter after
the femoral shaft fracture is fixed with an intramedullary nail, so the maximum torque
on the femur is 7 N m according to the BW of 700 N. Therefore, in the compression +
torsion analysis, the boundary load condition was distally fixed. Different vertical
loads and 7 N 'm external rotation torque were applied at the proximal end of the
femur, regardless of the specific role of each muscle group.

The established femoral cortical bone model, femoral cancellous bone model, and
internal fixation three-dimensional finite element model were imported into
Solidworks for assembly, and pre-load experiments were carried out according to the
previous references[15,17]. This calculated, according to the axial load and boundary
conditions, the obtained femoral contact pressure (7.58 Mpa), which is similar to the
pressure value of 5-10 Mpa in the literature, so the model in this study can be judged
to be reliable and effective.

Experimental grouping

The three types of models were then combined to alter fracture types, internal fixation
types, and loading modes as shown in Table 2 to compare the maximum stress and
displacement of each combination. Since the convergence difference of the results of
the finite element analysis in this study was less than 5%, it could be considered that
there was a unique solution, and statistical analysis was not required.

RESULTS

The maximum stress and maximum displacement of the different types of defects
under each loading model are summarized in Table 3 and are shown in detail in
Supplementary Figures 1-9. In each model of defect and fixation, as expected, the
maximum values were found with the stair descent model D.

For PFNA fixation of a medial defect, the maximum displacement and stress were
3.51 mm/473 MPa (Table 3 and Supplementary Figure 1). For a lateral defect, the
corresponding values were 2.55 mm/288 MPa (Supplementary Figure 2), and for both
lateral and medial defects, they were 3.84 mm/653 MPa (Figure 4).

For ITN fixation of a medial defect, the maximum displacement and stress were 2.80
mm/588 MPa (Table 3 and Supplementary Figure 3). For a lateral defect, the values
were 2.10 mm/307 MPa (Supplementary Figure 4), and for lateral and medial defects
together, they were 3.44 mm/641 MPa (Figure 5).

We tested whether internal and external construction carried out at the same time
would better restore mechanical stability of the proximal femur with both lateral and
medial defects (model c). In the case of reconstructing the lateral side using PFNA and
a plate, the values changed to 3.72 mm/608 MPa (Table 3 and Supplementary Figure
5). In the case of reconstructing the medial side alone using PFNA and wire, the
maximum values changed to 2.79 mm/515 MPa (Table 3 and Supplementary Figure 6).
When both the medial and lateral sides were reconstructed using PFNA with wire and
a plate, the numerical value changed to 2.42 mm/309 MPa (Table 3 and Figure 6).

DISCUSSION

This study analyzed the achievable effects of different internal fixation methods for
unstable proximal femoral fractures from the perspective of biomechanics to provide a
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Table 2 Grouping according to different models

Normal standing A Slow walking B Fast walking C Stair descent D
' Lateral . Lateral . Lateral . Lateral
Medial Medial Medial Medial
Lateral and Lateral and Lateral and Lateral and
defect . defect . defect . defect .
a defectb medial defectb medial defectb medial defectb medial
defect ¢ defect ¢ defect ¢ defect ¢
PFENA 1 1Aa 1Ab 1Ac 1Ba 1Bb 1Bc 1Ca 1Cb 1Cc 1Da 1Db 1Dc
ITN 2 2Aa 2Ab 2Ac 2Ba 2Bb 2Bc 2Ca 2Cb 2Cc 2Da 2Db 2Dc
PFNA + 3Aa 3Ab 3Ac 3Ba 3Bb 3Bc 3Ca 3Cb 3Cc 3Da 3Db 3Dc
steel wire 3
PFNA + 4Ab 4Ac 4Bb 4Bc 4Cb 4Cc 4Db 4Dc
plate 4
PENA + 5Ab 5Ac 5Bb 5Bc 5Cb 5Cc 5Db 5Dc
steelwire +
plate 5

PEFNA: Proximal femoral anti-rotation intramedullary nail; ITN: Integrated dual-screw fixation.

Table 3 Comparison of the maximum stress and maximum displacement among different fixation methods, different stress modes, and

different fracture types

Normal standing A Slow walking B Fast walking C Stair descent D

a b c a b c a b c a b c

Maximum stress at the main nail (MPa)

1 176 92 239 334 183 456 404 235 556 473 288 653
2 203 102 229 402 204 445 496 256 546 588 307 641
3 121 84.8 141 318 173 392 383 219 438 425 265 il
4 89 213 178 416 228 515 278 608
5 67 107 134 205 167 253 203 309

Maximum displacement of proximal femur (mm)

1 1.22 0.85 1.35 2.39 1.70 2.61 2.95 212 323 BI5T 2.55 3.84
2 0.95 0.69 1.19 1.89 1.39 2.33 2.35 1.74 2.89 2.80 2.10 3.44
3 0.85 0.70 0.93 1.64 1.40 1.82 2.04 1.75 2.29 244 2.09 2.79
4 0.84 1.31 1.66 2.52 2.08 3.12 2.49 3.72
5 0.75 0.82 1.49 1.62 1.87 2.02 2.24 242

a: Medial defect; b: Lateral defect; c: Lateral and medial defect; 1: PENA; 2: ITN; 3: PENA + wire 3; 4: PFNA + plate; 5: PENA + wire + plate; PFNA:
Proximal femoral anti-rotation intramedullary nail; ITN: Integrated dual-screw fixation.

reference for clinical decision-making. The results showed that the maximum
displacement and stress of PFNA and ITN were 3.51 mm/473 MPa and 2.80 mm/588
MPa for medial defects; 2.55 mm/288 MPa and 2.10 mm/307 MPa for lateral defects;
and 3.84 mm/653 MPa and 3.44 mm/641 MPa for medial-lateral defects, respectively.
For medial-lateral defects, reconstructing the medial side alone changed maximum
displacement and stress to 2.79 mm/515 MPa; reconstructing the lateral side changed
them to 3.72 mm/608 MPa; and when both sides were reconstructed, they changed to
2.42 mm/309 MPa. Therefore, intramedullary fixation would allow early low-intensity
rehabilitation exercise for medial defects, while ITN rather than PFNA reduces the risk
of varus and cut-out. For lateral wall defects or weakness, intramedullary fixation
allows higher-intensity rehabilitation exercise, and ITN reduces the risk of varus. For
both medial and lateral defects, intramedullary fixation alone will not allow early
functional exercise.
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Figure 4 Stress distribution and displacement distribution under different loading modes when lateral and medial defects were fixed with
proximal femoral anti-rotation intramedullary nail. A: Von Mises stress distribution map when lateral and medial defects were fixed with proximal femoral
anti-rotation intramedullary nail (PFNA); B: Displacement distribution when lateral and medial defects were fixed with PFNA.
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As the stress model changes, the maximum displacement in the model gradually
increases. In the displacement distribution diagrams under various models, it can be
seen that the maximum displacement is always concentrated at the proximal end of
the fracture, which results in varus displacement. This phenomenon is consistent with
the same type of simulation carried out by previous researchers[14] and is also
consistent with our clinical experience. In different types of internal fixation methods
and stress loading modes, the maximum displacement caused by the inner defect
model is greater than that of the outer defect model. This expected result is consistent
with the physiological structure characteristics of the proximal femur and is also
consistent with previous experimental results. When lateral and medial defects are
combined, this will greatly increase the degree of varus at the proximal end of the
fracture. Since a finite element study cannot simulate the failure load, a relatively
objective index is needed in this discussion to analyze the stress magnitude of each
point in the model. After consulting the relevant literature, the fatigue limit of titanium
alloys at room temperature could be used as a reference index. The fatigue limit refers
to the maximum stress value after an infinite number of stress cycles without failure,
which is determined by the fatigue test. Generally, the fatigue limit of medical
titanium alloys at room temperature is 438 Mpa[27].

In the medial defect model, if medial reconstruction is not performed, although the
maximum stress on the ITN main nail is higher than the PFNA, the maximum
displacement can be effectively controlled. In the loading models of normal standing
and slow walking, the maximum stress of PFNA and ITN did not exceed the fatigue
limit, and the stress was within the acceptable range of the internal fixation. The
application of ITN can better control the displacement, that is, reduce inversion.
Combined with the larger cross-sectional area of the ITN head spinal nail in the
sagittal section of the femoral neck, less displacement will also reduce the risk of cut-
out. When simulating the walking state and the gait of the healthy elderly, the
maximum stress on the main nail exceeds the fatigue limit, and there is a risk of the
main nail breaking. If steel wire is used to reconstruct the inner side, the stress distri-
bution diagram shows that the maximum stress is on the steel wire instead of the main
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Figure 5 Stress distribution and displacement distribution under different loading modes when lateral and medial defects were fixed with
integrated dual-screw fixation. A: Von Mises stress distribution map when lateral and medial defects were fixed with Integrated dual-screw fixation (ITN); B:
Displacement distribution when lateral and medial defects were fixed with ITN.
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nail. During the standing model, the stress on the steel wire is smaller. Once the load
stress increases, this will inevitably lead to the fracture of the steel wire. Therefore, if it
is necessary to reconstruct the inside during the operation, it is recommended to use
an internal fixation that can withstand greater tension, such as a titanium cable.
However, it should also be noted that compared to the use of a separate intra-
medullary system for fixation, reconstructing a medial defect with wire can effectively
reduce displacement.

In the lateral defect model, without lateral reconstruction, ITN has better control
over displacement than PENA. When simulating walking and walking downstairs, the
maximum stress on the main nail does not exceed the fatigue limit. Therefore, for a
simple lateral defect, intramedullary fixation can also bear early weight even if the
lateral wall is not reconstructed. When reconstructing the lateral defect, reconstruction
of the lateral wall with steel wire provided the best displacement control. The two
methods of reconstructing the lateral wall can reduce the stress concentration, the
maximum stress in the main nail, and the maximum displacement compared with the
intramedullary nail alone. Compared with the two reconstruction methods, the
displacement and stress control of the external reconstruction using steel plate is worse
than that of external reconstruction using steel wire. For a lateral wall defect, using a
steel plate and steel wire for reconstruction at the same time is not as good as using
steel wire alone. This demonstrates that the effect of the two reconstruction methods is
not a simple superposition effect, and even steel plate reconstruction may hinder the
effect of steel wire reconstruction. However, it is worth noting that rebuilding the
outer side with steel wire will cause a large amount of stress on the steel wire, thus
causing the wire to break. If the fracture has not healed, the reconstruction will fail
when steel wire breaks, but steel plate reconstruction does not have this problem. At
the same time, because wire reconstruction surgical planning is more difficult and
requires a longer operation, reconstruction with a steel plate alone might be
recommended if the lateral wall needs to be reconstructed.
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Figure 6 Stress distribution and displacement distribution under different loading modes when lateral and medial defects were fixed with
proximal femoral anti-rotation intramedullary nail steel wire and lateral wall protection plate. A: Von Mises stress distribution map when lateral and
medial defects were fixed with proximal femoral anti-rotation intramedullary nail (PFNA), steel wire, and lateral wall protection plate; B: Displacement distribution when
lateral and medial defects were fixed with PFNA, steel wire, and lateral wall protection plate.

For both inside and outside defects, much stress will be concentrated on the main
nail. In our slow walking model, the maximum stress of the PFNA and ITN groups can
reach 456 MPa and 445 MPa, exceeding the fatigue limit of titanium. This means that
even with milder rehabilitation when the fracture has not healed completely, there is a
risk of fracture of the internal fixation under repeated stress stimulation. Therefore,
intramedullary fixation alone allows low-intensity rehabilitation exercises such as
early standing. However, the healing of the patient’s fracture must be evaluated before
walking; otherwise, it may fracture the internal fixation. Once the bone is healed, these
two maximum values should not be a problem since the nail is supported by the bone
and vice versa. When reconstructing the internal and external defects, this study
designed two schemes. One used steel wire to circumscribe the medial bone block
while simultaneously reconstructing the lateral defect. The other used a lateral steel
plate to reconstruct the lateral defect and cerclage of the medial bone block with steel
wire. Any reconstruction program has better control of displacement and stress than
using an intramedullary nail alone. The best control on stress and displacement was to
apply an outer steel plate and inner steel wire circling group at the same time. The
steel plate + steel wire group was more effective than using steel wires to reconstruct
the medial and lateral sides. This is because, in the medial defect, the femoral head has
a serious tendency to varus. After the intramedullary nail is applied, the varus stress is
transmitted to the main nail and the lateral wall through the medullary nail. At this
time, there will be axial tension on the outer sidewall. If a steel plate is used for
reconstruction, it will resist this tension, but steel wire cannot, resulting in increased
proximal displacement. However, related to the previous discussion, when
reconstruction is performed on both the inner and outer sides, steel wire plays a major
role in the reconstruction of the inner defect. At the same time, during slow walking,
the maximum stress of the inner and outer reconstruction groups does not exceed the
fatigue strength and is theoretically safe. Therefore, when both the inner and outer
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sides are defective, both sides should be reconstructed; the outer side is reconstructed
with a steel plate and the inner side with a titanium cable with stronger tensile
strength. This allows the patient to perform early low-intensity rehabilitation exercises.
Because it is difficult to reconstruct the medial side, it is still recommended to use a
steel plate for lateral reconstruction when the medial reconstruction cannot be
completed.

In summary, for a posteromedial defect, intramedullary fixation can meet the needs
of early low-intensity rehabilitation exercise, and application of ITN compared with
PFNA can reduce the risk of varus and cut-out. For a lateral wall defect or weakness,
intramedullary fixation can meet the needs of higher-intensity rehabilitation exercise
and even a return to the preoperative state. Application of ITN can also reduce the risk
of varus. For both lateral and medial defects, fixation with an intramedullary system
alone cannot meet the requirements of early functional exercise, but they can be met
by choosing a site for lateral or medial reconstruction. However, the preoperative
functional state cannot be restored in a short period of time. When there are defects in
both the inner and outer sides, if reconstruction of the inside and outside cannot be
completed due to technical conditions, the stability of the ITN system is better. In the
case of a medial defect, compared with the application of intramedullary system
fixation alone, the method of medial reconstruction with steel wire can effectively
reduce the displacement. If the lateral wall needs to be reconstructed during the
operation, we recommend the use of plate reconstruction alone. In the case of both
internal and external defects, we recommend that both the medial and lateral sides be
reconstructed; the outer side should be fixed with a steel plate, and the inner side
should be fixed with titanium cable with strong tensile strength so that patients can
carry out early low-intensity rehabilitation exercises. As medial reconstruction is
difficult, when it cannot be completed, lateral reconstruction with a steel plate is still
recommended.

A strength of this study is that once the base model and fixation models are
designed, it is easy to import the CT images from a given patient and use them to
simulate the various fixations. This would allow treatment individualization. This
study has some limitations. Human joints are complex in structure with many tissues,
including ligaments, cartilage, muscles, and tendons. Mechanical experiments and
basic research cannot accurately equate to the variety of tissues involved. The
application of bone finite element analysis is mostly based on an assumption of
isotropic, homogeneous, and continuous linear elastomers. Because this paper
discusses the static stress distribution after plant fixation under various static loads,
only bone and internal fixation were considered in the model, regardless of the friction
between joints, while cartilage was ignored. Muscle and tendon stresses were
simplified. The greatest difficulty in the simulation of a physiological and anatomical
model lies in the determination of the material characteristics of various biological
tissues because the material properties of biological tissues often depend on certain
load conditions, that is, under different physiological loads, the material properties of
the same tissue are different. It is generally believed that both cortical bone and
cancellous bone can be considered to have linear elastic properties under quasi-static
load, and valuable results can be obtained by using linear elastic material to simulate
bone under quasi-static load. Therefore, the model assumes that the femoral bone is an
isotropic and homogeneous linear elastic material. This study referred to data from
previous scholars[28,29]. The models in this study are all ideal in theory, and a large
number of factors are simplified, which cannot be completely equated with the
situation in the real human body. In the future, we will continue to improve biomech-
anical analysis and cohort studies of related surgical schemes.

CONCLUSION

For medial defects, intramedullary fixation would allow early low-intensity rehabil-
itation exercise, and ITN rather than PFNA reduces the risk of varus and cut-out; for
lateral wall defects or weakness, intramedullary fixation allows higher-intensity
rehabilitation exercise, and ITN reduces the risk of varus. For both medial and lateral
defects, intramedullary fixation alone will not allow early functional exercise, but
locating lateral or medial reconstruction will. For defects in both the inner and outer
sides, if reconstruction cannot be completed, ITN is more stable.
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ARTICLE HIGHLIGHTS

Research background
Failure to fix unstable intertrochanteric fractures impairs return to daily activities.

Research motivation
To evaluate whether postoperative rehabilitation can be completed with or without
medial and lateral support after intramedullary fixation of intertrochanteric fracture.

Research objectives
To analyze the stress and displacement distribution of unstable intertrochanteric
fracture under different stress modes in postoperative rehabilitation.

Research methods

This study modeled five different internal fixation methods for unstable proximal
femoral fractures. The finite element method was used to simulate the stress loading
situation under the postoperative activity to a certain extent.

Research results

The maximum displacement and stress of proximal femoral anti-rotation
intramedullary nail and integrated dual-screw fixation (ITN) were 3.51 mm/473 MPa
and 2.80 mm/588 MPa for medial defects; 2.55 mm/288 MPa and 2.10 mm/307 MPa
for lateral defects; and 3.84 mm/653 MPa and 3.44 mm/641 MPa for medial-lateral
defects, respectively. For medial-lateral defects, reconstructing the medial side alone
changed maximum displacement and stress to 2.79 mm/515 MPa; reconstructing the
lateral side changed them to 3.72 mm/608 MPa; and when both sides were
reconstructed, they changed to 2.42 mm/309 MPa.

Research conclusions

When the inner and outer sides are damaged at the same time, one place should be
selected for reconstruction (outer or inner side), and low-intensity rehabilitation
exercises can be carried out. When the inner and outer sides are damaged at the same
time, if the reconstruction cannot be completed, the stability of the ITN system is
better.

Research perspectives
To develop an effective treatment plan for medial and lateral defects.
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