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Abstract 

Background: Finite element method (FEM) analysis of the subtrochanteric fracture (STF) location effect in the 
subtrochanteric region (STR) fixated with the intermedullary nail (IMN) versus extramedullary plate (EMP) im-
plant. Material and methods: A femur computed tomography (CT) scan was used to create a femur FE-model 
with a straight-line fracture located at the STR. During the analysis, the fracture was stepwise lowered from 0.5 
to 4.5 cm below the lesser trochanter (LT) with a total of 9 steps of 0.5 cm. The IMN (using proximal femoral 
nail antirotation) and EMP (using dynamic hip screw) implants were modelled and implemented for fracture 
management. Results: EMP illustrated lower Von-Mises stress for the proximal fractures (until 3.5 cm below LT); 
whereas IMN showed lower stress for distal fractures (from 4 cm below LT). The mean Von-Mises stress ratio for 
IMN versus EMP also decreased from proximal (1.93) to distal (0.47) of STR, with an intersection cross-point at 
3.8 cm below LT. Conclusions: the simulation shows that for the straight-line STF, EMP seems more favourable for 
proximal and IMN is more likely favourable for distal fractures. However, more FEM studies need to be conducted 
(e.g., with different fractures or implant types) on this topic.
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Introduction

Subtrochanteric fractures (STF) are defined as fractures of 
the proximal femur that occur within 5 cm of the lesser tro-
chanter [1]. Approximately 5-10% of proximal femoral fractu- 
res occur in the subtrochanteric region (STR), with an estimat-
ed overall incidence of about 15-20 per 100,000 for STF [2-4].  
In the Netherlands, it makes up 3-4 of annual hip fracture ad-
missions [5-6]. STF occurs mainly in older osteopenic patients 
after a low-energy fall or younger patients involved in high-en-
ergy trauma [1, 4, 7-8]. Roughly two-thirds of all STFs occur in 
patients over 50 years of age, with another 25% occurring in 
patients younger than 40 years old [1-2, 8-10]. Females suffer 
2-3 times higher incidence compared to males [1, 11]. Risk 
factors such as low total hip bone mineral density, diabetes 
mellitus, and the use of bisphosphonate medications increase 
the probability of STF [1, 12-13].

Non-surgical treatments are associated with significant 
complications such as shortening and malrotation as well as 
an increase in prolonged immobilization, decubitus, and mor-
tality [1, 14-15]. Surgical internal fixation leads to better bone 
healing and mobility recovery as well as reducing morbidity 
and preventing mortality [16]. The intermedullary nail (IMN) 
and the extramedullary plate (EMP) are one of the most com-
mon surgical methods used for STF management [17-24]. The 
effect of both implants has been studied in previous biome-
chanical studies (e.g., using simulation analysis) [25-28]. 

In the literature, there are uncertainties regarding STF 
management. Firstly, what is the effect of fracture location 
in the STR on fracture management? Secondly, does the 

fracture location in the STR justify the choice between IMN 
versus EMP implant? Therefore, this study aims to evaluate 
the impact of simple straight-line STF location in STR fixated 
by IMN versus EMP using the Finite Element Method (FEM) 
simulation analysis. 

    Material and methods

Femur model

A Computed Tomography (CT) scan (Siemens, SOMATOM 
Force model, Munich, Germany) of a normal cadaveric femur 
was used to generate a Digital Imaging and Communication in 
Medicine file (DICOM). The CT scan was made using the bone 
setting with a tube voltage of 90 kV, a tube current of 2.5 mA, 
and a matrix size 512x512. The 3D Slicer software (version 4, 
www.slicer.org) was used to create a three-dimensional (3D) 
femur model from the DICOM file and converted it to a Stand-
ard Triangle Language (STL) file. The femur STL-file was im-
ported into Solidworks software (version 2014, 3D Modelling 
and Simulation, Waltham, Massachusetts, USA). 

A straight-line fracture was created in the STR (the area 
from LT to 5 cm distal) (Figure 1). The fracture was then low-
ered from 0.5 to 4.5 cm below the LT, from proximal to distal, 
by steps of 5 mm with a total of 9 fracture locations (Figure 1).  
E.g., fracture 1 is located at the proximal section of STR and 
0.5 cm below LT; fracture 9 is located at the distal section of 
STR and 4.5 cm below LT. The simple straight-line fracture was 
chosen for two reasons: (1) to optimally observe the effect of 

the two different implant systems 
used for the STF management, and 
(2) for an easier simulation of the 
fracture location effect in the STR 
concerning fracture management 
and fixation stability. 

IMN and EMP model 

Standard commercially ava- 
ilable implants (DePuy Synthes, 
Raynham, MA, United State) were 
selected for the study. For the IMN, 
the proximal femoral nail antirota-
tion (PFNA) was selected; and for 
the EMP, the dynamic hip screw 
(DHS). The implant fixation systems 
were 3D modelled in the Solid-
works with identical mechanical 
material properties (Figure 1). 

Figure 1. (A and B, 1-9) Simple straight-line fracture located in the STR, lowered from proximal 
to distal region in 9 steps with a 5 mm distance between each step, starting from 0.5 cm to 
4.5 cm below the LT; (A) STF fixated using the IMN (PFNA) and (B) the EMP (DHS) fixation. 
DHS – dynamic hip screw, EMP – Extramedullary plate, LT – lesser trochanter, IMN – intermedul-
lary Nail, PFNA – proximal femoral nail antirotation, STR – subtrochanteric region

http://www.slicer.org
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The PFNA implant (IMN) consisted of a short in-
tramedullary nail, a lag screw, and a distal locking screw. 
The nail was 180 cm in length, with a target angle range 
of 135 degrees. The nail had a proximal diameter of  
17.5 mm, where the lag screw was inserted for fixation 
inside the femoral head. The nail had a distal diameter of 
11 mm, where the locking screw was inserted for fixation 
with femoral shaft. The lag screw was 90 mm in length 
and 12 mm in diameter. The distal locking screw had a di-
ameter of 5 mm and a total length of 34 mm. 

The DHS implant (EMP) consisted of a plate, a lag 
screw, and four screws. The plate had a thickness of  
7 mm with a standard 38 mm barrel length in 135 de-
grees angle. The lag screw was 90 mm in length with 
a diameter of 12 mm. The four distal plate screws had 
a diameter of 5 mm and a total length of 38 mm. 

FEM assembly 

was applied to define the interactions between the femur and 
the implants. 

For the IMN fixation method, the proximal lag screw was 
set as fixed inside the femoral head, and the distal screw was 
set as fixed inside the formal shaft. Meaning that the inter-
medullary nail was held in a fixed position by the lag screw 
and the distal screw. The interaction between the nail and fe-
mur was set as contact. Furthermore, the nail, the lag screw, 
and the distal screw were set as fixed. Meaning, that the 
implant components (nail, lag screw, and distal screw) were 
modelled as one single piece. 

For the EMP, the plate was placed as close as possible to 
the femoral shaft, and the plate barrel was set as contact in-
side the femur. The lag screw was set as fixed inside the fem-
oral head, and the four distal plate screws were set as fixed 
inside the femoral shaft. Meaning, that the plate was held in 
a fixed position by the lag screw and the four distal screws. 
The interactions between the plate, the lag screw, and the 
four screws were set as fixed. This means that the whole im-
plant (plate, lags crew, and distal screws) was set as one single 
piece. 

Figure 2. (A) Applied force on the femoral head (downward in the  
Y-axis or the gravitational force direction, 8 degrees from to the femo-
ral neck axis); and applied fixture at the formal shaft. (B) Contact-Set of 
0.05 mm distance with no penetration between the fracture surfaces. 
(C-D) Impression of the applied converged mesh for resp. the IMN 
(PFNA) and the EMP (DHS) assemblies. 
DHS – dynamic hip screw, EMP – Extramedullary plate, LT – lesser 
trochanter, IMN – intermedullary Nail, PFNA – proximal femoral nail 
antirotation, STF – subtrochanteric fracture

In the IMN (PFNA system) assembly: the nail was in-
serted inside the femur, with the lag screw positioned in-
side the femoral head, and the distal screw in the femoral 
shaft (Figure 1A). For the EMP (DHS system) assembly: 
the plate was positioned as close as possible to the fem-
oral shaft, with the lag screw in the centre of the femoral 
head, and the four distal screws in the femoral shaft (Fig-
ure 1B). In both methods, the lag screw was positioned 
in the centre of the femoral head, and the distal screw(s) 
in the femoral shaft accordingly. 

FEM simulation setup

Using Solidworks, a total of 18 assemblies were simu-
lated, 9 assemblies used IMN (PFNA) (Figure 1A) and 9 EMP 
(DHS) (Figure 1B) fixation method.

In each assembly, a force was applied at the femoral head 
downward in relation to the y-axis, representing the gravi-
tational direction, at an angle of 8 degrees from the femo-
ral neck axis (Figure 2A: illustration of applied force) [29-30]. 
During each analysis, the force was increased from 125 to 500 
newton (N), replicating various body weights [31]. The femur 
was fixed at the femoral shaft using the Fixed Geometry op-
tion in the Solidworks (Figure 2A: illustration of the fixation).

The connection-option in the Solidworks provided the 
definition of the boundary conditions for the assemblies. 
Firstly, the fracture surfaces were defined by using the Con-
tact-Sets option with 0.05 mm fixed distance with no pene-
tration between the fracture surfaces, representing optimal 
fracture reduction (Figure 2B). When the fracture surfaces 
touch under application of load, there was no friction and 
only forces normal to the surfaces could be exchanged. Sec-
ondly, the Contact-Sets and the Component-Contacts option, 
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The material properties of the femur were set at an elas-
tic modulus of 14500 megapascal (MPa), shear modulus of 
3280 MPa, mass density of 1180 kg/m3, tensile strength of 
150 MPa, yield strength of 160 MPa, and Poisson’s ratio of 
0.3 [32-33].

For the fixation implants, the material properties were 
set at an elastic modulus of 210000 MPa, shear modulus of 
79000 MPa, mass density of 7700 kg/m3, tensile strength of 
723.83 MPa, yield strength of 620.42 MPa, and Poisson’s ratio 
of 0.28 [34].

A curvature-based mesh was created with a maximum 
element size of 11.8 to 12 mm, a minimum element size of 
2.3 to 2.4 and, an element size ratio of 1.6 (Figure 2C and 
2D). Mesh dimensions were checked using the Mesh Quality 
Check option in Solidworks. Furthermore, the mesh size was 
decreased until the results were independent of the mesh 
size. 

Results

The FEM outcomes are represented in the form of the 
Von-Mises stress in the megapascal [MPa] unit (table 1), de-
termining whether the assembly will yield or distort during 
the complex loading condition. The increase in force from 125 
to 500 N resulted in a rise in the Von-Mises stress for both 
IMN (PFNA) and EMP (DHS) implants (Figure 3A and 3B). The 
analysis showed a linear relationship between the amount of 
force and the Von-Mises stress (Supplementary Figure 1).

IMN (PFNA) and STF location

The IMN (using PFNA implant) analysis shows a decrease 
in the Von-Mises stress, when the fracture is lowered from 
proximal to distal of STR (Table 1). The location of the maxi-
mum Von-Mises stress remains similar for the fracture loca-
tions 1 to 8 (from 3.5 to 4.0 cm below LT), but changes for 
the fracture location 9. For the fracture locations 1 to 8: the 
maximum Von-Mises stress is at the upper border of the distal 
locking screw, where it touches the top side of the distal in-
tramedullary nail hole (Figure 4A). For the fracture location 9: 
the maximum stress is located at the lag screw, mainly be-
tween the lower part of the lag screw and the proximal in-
tramedullary nail hole (Figure 4B). 

EMP (DHS) and STF location 

The EMP (using a DHS implant) analysis generates an op-
posite result compared to the IMN (using a PFNA implant) 
outcomes. For the EMP analysis, the Von-Mises stress increas-
es when the fracture is lowered in the STR from proximal to 
distal region (Table 1). The location of the maximum Von-Mis-
es stress remains the same for all the fracture locations. The 
maximum stress is located on the distal plate screw, located at 
the upper contact point with the extramedullary plate (Figure 
5A and 5B).

Figure 3. Scatter plots representing the relationship between Von-Mises stress in MPa and STF location for (A) the IMN (using PFNA) and 
(B) the EMP (using DHS) implant. Hence: The STF location is based on the fracture distance below the LT in steps of 5 mm (e.g., location 1 
is 0.5 cm and location 9 is 4.5 cm below LT). 
DHS – dynamic hip screw, EMP – extramedullary plate, IMN – intermedullary nail, LT – lesser trochanter, MPa – megapascal, N – newton, 
PFNA – proximal femoral nail antirotation, STF – subtrochanteric fracture
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Von-Mises stress ratio between IMN ver-
sus EMP

The mean Von-Mises stress ratio (for 125 to 500 N force) 
between the IMN (using a PFNA implant) versus the EMP (us-
ing a DHS implant) is shown in figure 6A. The ratio tends to 

gradually decrease when the fracture is lowered inside the 
STR from proximal to distal (resp. 1.93 at STF location 1 to 0.49 
at location 9). The observation of the ratio shows that IMN 
(PFNA) stress is higher until STF location 7 (3.5 cm below LT). 
From fracture location 8 (from 4 cm below the LT), EMP (DHS) 
stress is higher compared to IMN (PFNA). The calculated inter-

STF
Location* 

(cm)

FEM Simulation Result: Von-Mises Stress in MPa

125 N 250 N 375 N 500 N

PFNA DHS PFNA DHS PFNA DHS PFNA DHS

1 (0.5) 85.5 44.3 171 88.7 256.5 133 342 177.3

2 (1.0) 87.4 45.6 174.8 94 262.1 140.9 349.5 187.9

3 (1.5) 89.6 45.9 179.1 91.8 268.7 137.7 358.3 183.6

4 (2.0) 84.3 42.8 168.5 85.6 252.8 128.5 337.1 171.3

5 (2.5) 85.9 54 171.8 108 257.8 162 343.7 216

6 (3.0) 74.7 63.3 149.3 126.9 224 189.9 298.6 253.2

7 (3.5) 66.8 50.4 133.5 100.9 200.3 151.3 267 201.8

8 (4.0) 65.6 83.3 131.1 166.7 196.7 250 262.2 333.3

9 (4.5) 38.1 81.2 76.3 162.5 114.4 243.7 152.5 325

Table 1. FEM von-Mises stress simulation results in MPa between PFNA versus DHS implants for 9 different fracture locations in STR

* Fracture locations in STR measured from the LT, lowered from proximal to distal region (from 0.5 to 4.5 cm below LT) in steps of 5 mm. 
DHS – dynamic hip screw, FEM –  finite element method, LT – lesser trochanter, MPa – megapascal, N – newton, PFNA – proximal femoral 
nail antirotation, STF – subtrochanteric fracture, STR – subtrochanteric region
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section cross-point between the IMN versus the EMP (PFNA 
versus DHS) is 3.8 cm below LT (Figure 6B).  

Discussion

The FEM study aimed to determine the effect of fracture 
location in STR for fracture management using the IMN (PFNA) 
versus the EMP (DHS) implants. The study illustrates that the 
IMN versus the EMP technique leads to different Von-Mises 
stress effects depending on the fracture location in STR. 

The Von-Mises stress determines whether a material 
will yield when subjected to loading. It defines the threshold 
state of material between elastic and plastic or brittle failure 

deformations [36]. It combines the three principal stresses (in 
x-, y- and z-axis) into an equivalent stress. The stress is then 
compared to the yield stress property to judge the failure con-
dition of the material. Therefore, the ratio between materials 
yield strength versus Von-Mises stress should remain greater 
or equal to one (ratio ≥ 1) to reduce the failure threshold and 
prevent assembly collapse [36, 37]. Based on the Von-Mises 
stress outcomes in this simulation study, the EMP (DHS) im-
plant gives a more stable fracture management with a lower 
stress for the proximal STF’s (Figure 3B). For fractures locat-
ed at the distal STR, the IMN (PFNA) implant tends to be the 
more suitable implant due to the lower Von-Mises stress (Fig-
ure 3A). The intersection cross-point for the mean Von-Mises 
stress (for 125 to 50 N) between the IMN and the EMP is 3.8 cm 

Figure 4. The Von-Mises stress distribution and the maximum stress position for the IMN (using PFNA) at the maximum force of 500 N: 
(A) the maximum stress at the STF location 1 (0.5 cm below LT), and (B) the maximum stress at the STF location 9 (4.5 cm below the LT). 
IMN – intermedullary nail, LT – lesser trochanter, MPa – megapascal, N – newton, PFNA – proximal femoral nail antirotation,  
STF – subtrochanteric fracture
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Figure 5. The Von-Mises stress distribution and maximum stress position for the EMP (using DHS) at the maximum force of 500 N: (A) the 
maximum stress at the STF location 1 (0.5 cm below LT), and (B) the maximum stress at the STF location 9 (4.5 cm below the LT). 
DHS – dynamic hip screw, EMP – extramedullary plate, LT – lesser trochanter, MPa – megapascal, N – newton,   
STF - subtrochanteric fracture
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Figure 6. (A) The mean Von-Mises stress ratio (average stress ratio for 125 to 500 N forces) between the IMN versus the EMP (PFNA ver-
sus DHS) for the different STF locations. The equilibrium between the IMN and the EMP is reached at ratio 1 (at 3.8 cm below LT).  
(B) Illustrating mean Von-Mises stress (average stress between 125 to 500 N forces) intersection cross point between the IMN versus the 
EMP (PFNA versus DHS [3.8 cm below the LT]. Hence: The STF location is based on the fracture distance below the LT in steps of 5 mm 
(e.g., location 1 is 0.5 cm and location 9 is 4.5 cm below LT). 
DHS – dynamic hip screw, EMP – extramedullary plate, IMN – intermedullary nail, LT – lesser trochanter, MPa – megapascal, N – newton, 
PFNA – proximal femoral nail antirotation, STF – subtrochanteric fracture

below the LT (Figure 6B). At this point, the effect of stress for 
the straight-line fracture in the STR changes, where above this 
level is the EMP implant suitable due to less stress, and the 
IMN implant seems more favourable below the point. Hence, 
in the analysis, the material properties, including the yield 
strength for the PFNA (IMN) and the DHS (EMP), are identi-
cal. The yield strength of implants is higher compared to the 
femur (resp. 620.42 to 160 MPa). In the study, the maximum 
stress remains on the implant parts and not the femur (Fig-
ures 4 and 5). 

An important point to notice is that the applied force in 
the assembly has a linear relationship with the amount of 
stress for both IMN (PFNA) and EMP (DHS) (Supplementary 
Figure 1). Firstly, it is logical that a change in the load will have 
a linear effect on the amount of stress. Therefore, this linear 
relationship verifies that the simulation analysis is correctly 
executed. Secondly, an increase in load will eventually result 
in material failure. It seems that the proximal fractures can 
withstand more loading when using the EMP compared to the 
IMN; whereas for the distal fractures, the IMN can withstand 
more loading than the EMP before the failure threshold is 
reached (Figure 6B). 

Furthermore, the maximum stress location differed be-
tween the IMN and the EMP implants. The EMP (DHS) im-
plant gives the same maximum Von-Mises stress position for 
all the STF locations (Figure 5A and 5B). For the IMN (PFNA), 
the maximum stress position remains similar for the STF lo-
cations 1 to 8 (Figure 4A), but changes for the STR location 9  

(Figure 4B). The changes in the maximum stress location for 
the IMN implant analysis can be explained by the biomechan-
ical changes caused by different STF locations that result in 
changes in the magnitude and direction of forces and mo-
ments within the assembly. This effect is eliminated for the 
EMP (DHS plate) analysis because the DHS plate uses four dis-
tal screws in the femoral shaft instead of only one distal screw 
used in the PFNA nail system. 

The study has a few limitations. First, implant configura-
tion and placement must be done according to the fracture 
type; as well as weight-bearing should be adapted accordingly 
to the fracture type, implant type, and bone quality [37]. In 
the current study, the analysis is done based on a straight-
line fracture; therefore, other fracture types or configurations 
would generate different outcomes. The study uses a simple 
straight-line fracture which does not resemble a true traumat-
ic fracture type in the STR. However, this fracture configura-
tion was chosen for two reasons: (1) for an easier simulation 
of the fracture location effect in the STR concerning fracture 
management and fixation stability, and (2) to optimally ob-
serve the effect of the two different implant systems used for 
the STF management. In future studies, we recommend us-
ing different fracture types and configurations. Second, only 
PFNA and DHS (respectively as the IMN and the EMP fixation 
methods) were analysed since they are the most common 
implant of choice; however, other implant types or configu-
rations (e.g., DCS) may produce different results. Third, the 
unphysiological applied force in the study does not resemble 
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a true double leg stance, and different force congratulations 
will lead to different outcomes. Therefore, it would be wise to 
study the effect of different force configurations on this topic. 
Finally, the study makes use of the FEM computer simulation 
analysis where from one side it simplifies the clinical setting 
and gives a proper visual explanation regarding STF manage-
ment based on various fracture locations in the STR. However, 
it only gives a suggestion regarding STF management. There-
fore, future studies need to be conducted to analyse other 
fracture types, configurations, and implants. Furthermore, 
retro- or prospective clinical studies or laboratory (e.g., ca-
daveric, or polymeric mechanical testing) can be considered 
for clinical validation. 

Conclusion

The subtrochanteric fracture location in the subtrochan-
teric region seems to have a major effect on the fracture 
stability. Furthermore, the required implant for the optimal 
subtrochanteric fracture stability (nail versus plate) can vary 
based on the different fracture configurations. However, this 
requires a substantial analysis to determine what type of an 
implant should be applied for what type of a subtrochanteric 
fracture location or configuration. Finally, the application of 

the finite element method seems to be a promising tool for 
the proximal femoral fractures management analysis. 
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