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Abstract
Purpose
PFNA has been commonly used to treat intertrochanteric fractures, despite the risk of implant failure. The
integrity of the femur could in uence the risk of implant failure. This study aims to evaluate the in uence
of lateral femoral wall thickness on potential implant failure using a computational modeling approach.
Methods
Finite element model of the hip was reconstructed from the Computed Tomography of a female patient.
Five intertrochanteric fracture models at different lateral femoral wall thickness (T1 = 27.6 mm, T2 = 25.4
mm, T3 = 23.4 mm, T4 = 21.4 mm, and T5 = 19.3 mm) were created and xed with PFNA. A critical
loading condition was simulated that mimicked a high loading scenario during walking. The implant
failure condition, stress and displacement of the PFNA implant and fracture femur were predicted for
analysis.
Results
Implant failure of PNFA occurred at the sides of the proximal nail canal especially for the thinner wall
models (T4 and T5).The maximum von Mises stress of the nail for T4 changed abruptly to 298.1 MPa.
However, thinner wall decreased the displacement of the PFNA implant. There was approximately
opponent trend of stress and displacement on proximal and distal fragments with decreasing thickness
possibly due to the adaptation after failure.
Conclusion
A thinner wall increased the risk of PFNA implant failure. Our prediction showed that complete failure
occurred when the thickness was 21.4 mm which was close to the value suggested to determine the
stability type.

Introduction
Proximal Femoral Antirotation Intramedullary Nail (PFNA) is considered as one of the standard internal
xation approaches for intertrochanteric fracture. The approach has high cut-out resistance and
biomechanical stability that retard rotation and varus collapse and was proven to relieve pain and
facilitate early mobilization [1]. Besides, PFNA enables easy manipulation, minimizes soft tissue
dissection and thus facilitates shorter operation time, reduced healing time, and hospital stay [1,2].
Nonetheless, PFNA is not well-indicated for patients with severe osteoporosis or complicated fractures[2].
Complications were reported in about 8% of the patients after PFNA such as implant failure/breakage
and xation failure requiring reoperation [3]. Figure 1 demonstrates a case of complication with PFNA
nail fracture.
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The biomechanics of PFNA plays an important role in the occurrence of implant failure [3]. The pattern of
implant failures was similar and predictable that was associated with the excessive sliding and toggling
of the femoral neck screw [3]. The intramedullary nails of the PFNA could sustain high forces but the
spiral blade may not maintain the femoral shaft adequately [3]. Withal, we believe that the integrity of the
femur and stability of the fracture in uence the risk of implant failure in PFNA. In fact, the surgical
process of PFNA involve reaming the medullary cavity that impairs the load-carrying capacity and
stability of the femur. This may result in high stress concentration on the implant and thus failure when in
contrary the implant stress gradually declined towards the bone healing process [4].
Lateral femoral wall thickness re ects the integrity and stability of the intertrochanteric fracture condition
[5]. It was de ned as the distance of a line started from a point 3-cm inferior to the innominate tubercle of
the greater trochanter, angled at 135 from the upward direction, and headed towards the fracture line on
the coronal plane [6], as illustrated in Figure 2. The Orthopaedic Trauma Association Committee for
Coding and Classi cation (AO/OTA) ranked the fracture with higher severity when the lateral femoral wall
thickness was more than 20.5 mm in which the threshold value was justi ed by the rate of secondary
fracture and complications [5]. Sensitivity analysis of the lateral femoral wall thickness on the
biomechanical environment of the fracture and xation could reveal the mechanism of the implant failure
but di cult to conduct by clinical or cadaveric studies. To this end, we developed a three-dimensional FE
model of a femur and simulated with intertrochanteric fractures at different lateral femoral wall thickness
followed by the PFNA procedure under a critical loading condition. The objective of this study is to
evaluate the in uence of lateral femoral wall thickness on implant failure of the PFNA. The implant
failure/fracture can be simulated and realized by the element erosion function of the FE analysis which
was rarely used to predict the biomechanical performance of PFNA and intertrochanteric fracture.

Materials And Methods
Patient Information
The female patient was admitted to the hospital on 14 May 2019 because of hip pain on the left side, and
x-ray revealed femoral fracture. She was 71 years old, 165 cm tall and weighed 58 kg. The patient was
noti ed and consented to contribute her medical records and images for the research. The study was
approved by the ethical committee of the hospital.

Model Reconstruction and Mesh Creation
Computed Tomography (CT) of the right hip was acquired using CT (Siemens, Munich, Germany) at 2
mm slice interval. The CT data in DICOM format was imported into the software Mimics (Materialise,
Leuven, Belgium) for processing, in which the femoral bone were segmented based on their grayscale at
a threshold from 226 to 3017. Geomagic Studio (Geomagic, 3D Systems, Rock Hill, USA) was used to
generate surfaces and reconstructed the three-dimensional geometry of the femur. The Hypermesh (Altair,
Troy, USA) was used to tetrahedral meshing and developed the femur into a composited model
containing cortical layer and trabecular core by organizing the elements. The size of the mesh was 2 mm.
Page 3/16

Five intertrochanteric fracture models (T1, T2, T3, T4, and T5) at different lateral femoral wall thickness
were created on the reconstructed femur of the patient based on the classi cation of 31A1.3 fractures.
Speci cations of the ve models are listed in Table 1. The procedure to create the fracture line was as
followed: Firstly, the rst osteotomy line was created by linking the apex of the greater trochanter and the
base of the lesser trochanter on the frontal plane, which corresponded to the rst fracture model (T1) with
a measured lateral femoral wall thickness of 27.6 mm. Secondly, the second osteotomy line was created
by rotating the rst osteotomy line around the base of the lesser trochanter at 5 anticlockwise on the
frontal plane for the second fracture model (T2). Lastly, the other osteotomy lines and fracture models
(T3, T4, and T5) were constructed by repeating the second step and rotated the line every 5 intervals. The
ve intertrochanteric fracture models are shown in Figure 2.
Table 1. The lateral femoral wall thickness and osteotomy line angle of the ve fracture models.
Fracture Model

Lateral Femoral Wall Thickness (mm)

Osteotomy Line Angle ( )

T1

27.6

60

T2

25.4

55

T3

23.4

50

T4

21.4

45

T5

19.3

40

Regarding the implant, the three-dimensional geometry of PFNA (Dabo Medical Devices Co., Ltd.Xiamen,
China) was built in SolidWorks (Solidworks Inc., Dassault Systèmes, Vélizy-Villacoublay, France). The
PFNA implant consisted of a nail, a spiral blade, and a locking screw. The length of the PFNA nail was
200 mm with a neck stem angle of 130°. The proximal and distal diameters of the nail were 16 mm and
10 mm, respectively. The length of the spiral blade was 107 mm with a diameter of 10 mm. The PNFA
implant model was assembled with the intertrochanteric fracture models according to the PNFA surgical
guidelines. In brief, the Tip Apex Distance (TAD) on both the anteroposterior and lateral views, shall be not
more than 27mm [7].

Material Properties
The material properties are listed in Table 2. The Elastic modulus of the cancellous bone and cortical
bone were assigned based on the constitutive equation between apparent density and elastic modulus.
Material failure simulation was enabled for the bone and implant. Elastoplastic material properties were
assigned including the yielding stress, failure strain, and the strain rate effects (Cowper-Symonds model)
[8]. Material fracture or failure could be resembled by the propagation of element deletion in the FE
simulation.
Table 2. Material properties of the trabecular, cortical bone, and PFNA implant used in the FE model.
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Parameters

Trabecular bone

Cortical Bone

Titanium alloy (PFNA)

Apparent density (g/cm3)

0.589

1.525

4.43 [9]

Elastic modulus (GPa)

0.496

8.318

110 [10]

Poisson’s ratio

0.30

0.30

0.31 [11]

Tangent modulus (MPa)

49.6

831.8

1,592 [11]

Yield stress (MPa)

17.45 [12]

109 [12]

250

Hardening parameter

0.10 [8]

0.10 [8]

0.12 [13]

Failure strain(%)

0.7 [12]

0.9 [14]

0.2 [15]

Cowper-Symonds model parameter

C: 2.5

C: 2.5

C: 80000

P: 7.0 [8]

P: 7.0 [8]

P: 1.1 [16]

Boundary and Loading Conditions
We simulated a critical loading case resembling the suggested high loading condition during walking
[17]. The femoral head was loaded 2,100 N at 10° lateral to the inferior axis on the frontal plane and 9°
posterior to the inferior axis on the sagittal plane [17], as demonstrated in Figure 3. The distal section of
the femur was fully xed throughout the simulation.
The coe cients of friction between the implant interfaces, between the fractured bone fragments, and
between the implant and the bone were 0.23 [18], 0.46 [18], and 0.3 [19] respectively.

Model Output and Data Analysis
FE analysis was conducted using LS-DYNA software (LSTC, Livermore, CA, USA). The von Mises stress
and displacement of the bone and PFNA, as well as the breakage condition of the implant among the 5
intertrochanteric fracture models with different lateral femoral wall thickness were extracted and
analyzed.

Results
Failure Condition of the PNFA Implant
As shown in Figure 4, implant failure of PNFA occurred at the sides of the proximal nail canal where the
spiral blade passed through. For fractures with a thinner wall thickness (i.e. T4 and T5), the nail was
completed broken and detached. For fractures with a higher thickness (T1, T2, and T3), the stress of the
material just reached the critical point of failure. A crack or partial defect was manifested on the sides of
the canal. Table 3 compares the maximum von Mises stress of the bone fragments and implants among
conditions.
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Table 3. Maximum von Mises stress of bone fragments and PNFA implant components (MPa).
Condition

Femoral proximal
fragment

Femoral distal
fragment

Spiral
blade

Nail

Locking
screw

T1

243.0

211.0

333.3

247.2

248.2

T2

173.7

191.9

286.2

244.2

287.7

T3

165.8

196.9

302.4

252.2

279.3

T4

226.5

203.4

174.4

298.1

335.5

T5

219.4

208.5

172.2

254.1

332.2

Stress and Displacement of PFNA implant
The von Mises stress was generally concentrated at the contact interfaces between implant components.
For the PNFA nail, stress was concentrated at the proximal and distal canals which passed through with
the spiral blade and locking screw, respectively (Figure 5). The stress of the spiral blade decreased with
increasing thickness of the lateral femoral wall from 333.3 MPa in T1 to 172.2 MPa in T5 (Table 3). The
maximum axial displacement and resultant displacement appeared at the tip of the spiral blade. The
maximum resultant displacement decreased from 3.653 mm to 3.015 mm when the lateral femoral wall
thickness decreased from T1 to T5 condition.
Table 4. The maximum axial and resultant displacement of PFNA components (mm)
Components

Parameters

T1

T2

T3

T4

T5

Spiral blade

X

1.757

1.678

1.579

1.520

1.416

Y

0.557

0.635

0.456

0.497

0.446

Z

-3.442

-3.174

-3.076

-2.999

-2.921

R

3.653

3.316

3.303

3.137

3.015

X

-0.638

-0.820

-0.941

-1.013

-1.175

Y

0.256

0.285

0.293

0.341

0.525

Z

-0.545

-0.648

-0.877

-0.690

-1.109

R

0.877

1.036

1.193

1.218

1.699

X

-0.054

-0.051

-0.071

-0.090

-0.107

Y

0.052

0.051

0.057

0.067

0.076

Z

-0.173

-0.182

-0.193

-0.235

-0.239

R

0.175

0.184

0.196

0.237

0.244

Nail

Locking screw
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X(+):medial direction; Y(+):posterior direction; Z(+) superior direction; R: resultant
Stress concentration appeared at the middle portion of the locking screw, whereas the maximum
displacement was located at the tip of the screw. When the lateral femoral wall thickness decreased from
T1 to T5, the maximum von Mises stress, and the resultant displacement increased from 248.2 MPa to
332.2 MPa, and from 0.175 mm to 0.244 mm, respectively (Table 3 and Table 4). Stress concentration
appeared around the proximal nail canal throughout all simulated wall thickness conditions, but the
maximum stress over overshot at T4. The maximum resultant displacement was presented at the
proximal end of the nail before breakage and around the proximal nail canal after breakage (Figure 6).
The maximum resultant displacement increased from 0.877 mm to 1.699 mm when the lateral femoral
wall decreased from T1 to T5 (Table 4).

Stress and Displacementof Fracture Femur
For the proximal femoral fragment (i.e. femoral head and neck), the location of the maximum von Mises
stress depended on the lateral femoral wall thickness. For T1 and T2, the lateral femoral wall thickness
corresponded to a fracture line inside the entry point such that the stress was concentrated at the
interoinferior cortex of the bone (Figure 7). On the contrary, a fracture line outside the entry point (i.e. the
cannulation axis along the PNFA nail) in condition T3,T4 and T5 resulted in a stress concentration
appeared around the entry point and the interoinferior femoral neck. The maximum von Mises stress
gradually decreased from T1 to T3, and switched to increase from T4 to T5 (Table 3). The maximum
resultant displacement of the femur model located at the femoral head. The value decreased from 3.698
mm to 3.185 mm when the lateral femoral wall thickness decreased from T1 to T5 as shown in Table 5.
Table 5. The maximum axial and resultant displacement of the fractured femoral fragments (mm)
Components

Parameters

T1

T2

T3

T4

T5

Proximal fragment

X

-1.983

-1.927

-1.709

-1.619

-1.588

Y

0.656

0.569

0.536

0.53

0.648

Z

-3.649

-3.461

-3.301

-3.203

-3.116

R

3.698

3.526

3.374

3.273

3.185

X

-0.552

-0.691

-0.727

-0.808

-0.842

Y

0.204

0.222

0.219

0.195

0.226

Z

-0.416

-0.430

-0.353

-0.335

-0.32

R

0.608

0.804

0.776

0.85

0.891

Distal fragment

X(+):medial direction; Y(+):posterior direction; Z(+) superior direction; R: resultant
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Discussion
Stress concentration appeared at the implant interfaces of the PFNA, which was consistent with existing
research [20]. The stress of the PFNA components was consistently higher than that of the femur bone in
all lateral femoral wall thickness conditions. The stiffer implant took up the load from the femur resulting
in stress shielding. As the thickness of the lateral wall decreased, the PFNA stress transferred distally
from the spiral blade to the locking screw which was also dependent on whether the upper end of the
fracture line crossed the PFNA nail. A thick lateral femoral wall manifested a sloped fracture line that
generated a high shear force on the spiral blade. In other words, a vertical fracture line could may induce
a shear force on the PFNA as large as the applied load on the femoral head. A Medical Sustainable Nail
presented similar construct but featured two nails (cephalic nail and sustainable nail) on the nail shaft
which may explain the stronger support in the vertical direction for the xation of unstable fractures [17].
The intactness of the greater trochanter may reduce the risk of implant failure. The AO/OTA classi cation
suggested that a cut-off femoral lateral wall thickness of 20.5 mm determines the intactness and
completeness of the lateral wall, and thus the overall stability of the fracture [5]. Nearly a quarter of
femoral intertrochanteric fracture with incomplete lateral wall required a revision surgery in which nearly
three quarters of the fracture happened during the primary surgery [21]. Ignoring incomplete lateral bone
insu ciency before the operation or recurring fractures on the lateral wall after surgery may result in
shortened fractures, delayed healing, and even revision [22].
When the thickness of the lateral wall gradually decreased until the top of the great trochanter was intact,
the bone formed an interlocking structure with the PFNA nail that reduced the tensile stress on the
exteroir superior proximal femur, proximal fragment of the femur and the spiral blade. The displacement
of the proximal fracture and spiral blade also decreases. The "interlock" effect formed by the top of the
great trochanteric and the main nail is re ected in both the coronal and sagittal planes. When the upper
end of the fracture line was outside the entry point, the effects of varus and rotation after PFNA internal
xation were suppressed which was similar to another implant design, InterTan that consisted of two
integrated proximal screws to control the fragment alignment [23].
The medial wall, lateral wall and the intramedullary xation resembled a support structure with 3 pillars.
Compared to the lateral wall, the medial wall may contribute more to the structural strength of the
proximal femur. In addition, it was reported that cortical bone thickness of the femur was positively
correlated to its strength. Although the condition of the lateral wall could be an important risk factor to
the fracture, the exact mechanism are still unclear [6].
The signi cance of this study lay in its potential to challenge the dose-effect relationship between the
femoral lateral wall thickness and the risk of PFNA implant failure in terms of the stress and
displacement of the bone and implant from a biomechanical point of perspective. At T4 and T5
conditions, the prediction showed that the fracture was triggered in the PFNA nail where the location of
the fracture was the same as that reported in the fatigue test [17]. This suggested that the femoral lateral
wall thickness at T4-T5 (21.368 mm to 19.342mm) may be both the critical value of the PFNA breakage.
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This theoretical analysis using nite element analysis produced a more quantitative and mechanistic
information to supplement the AO/OTA fracture classi cation that determined the stability type at a wall
thickness of 20.5 mm [5]. Based on our ndings and discussion, we believed that PNFA implant failure
could be initiated around the PFNA nail canal and the locking screw because of the high and
concentrated stress.
There were some shortcomings in this study. Firstly, the material property of the femur was assumed
isotropic that may in uence the pattern of implant failure and fracture in the FE prediction [24]. An
anisotropic property of bone including the elastic modulus and the yielding stress are required. Secondly,
this study resembled a static critical loading condition since the simulation of fatigue failure required
more complicated input in boundary and loading conditions. Therefore, the outcome of this study may
deviate from that of the experiments in previous studies. A cadaveric biomechanical test that PFNA under
fatigue condition is still advocated to support these ndings.
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Figure 1
demonstrates a case of complication with PFNA nail fracture
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Figure 2
Lateral femoral wall thickness re ects the integrity and stability of the intertrochanteric fracture condition
[5]. It was de ned as the distance of a line started from a point 3-cm inferior to the innominate tubercle of
the greater trochanter, angled at 135° from the upward direction, and headed towards the fracture line on
the coronal plane [6], as illustrated

Figure 3
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The femoral head was loaded 2,100 N at 10° lateral to the inferior axis on the frontal plane and 9°
posterior to the inferior axis on the sagittal plane [17], as demonstrated

Figure 4
As shown in Figure 4, implant failure of PNFA occurred at the sides of the proximal nail canal where the
spiral blade passed through.

Figure 5
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For the PNFA nail, stress was concentrated at the proximal and distal canals which passed through with
the spiral blade and locking screw, respectively

Figure 6
The maximum resultant displacement was presented at the proximal end of the nail before breakage and
around the proximal nail canal after breakage
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Figure 7
For T1 and T2, the lateral femoral wall thickness corresponded to a fracture line inside the entry point
such that the stress was concentrated at the interoinferior cortex of the bone
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