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KEYWORDS Summary Background/Objective: The choice of implant is one of the most easily control-

Hip fracture; lable factors affecting the outcome of intertrochanteric fractures. While most of the caput-

Fracture fixation; collum-diaphysis (CCD) angles of the femur are within the range of 125° and 130°, there is a

Proximal femoral nail shortage of data on whether 125° or 130° implants are preferable. Thus, the present finite
antirotation; element analysis (FEA) aimed to compare the biomechanical effects on the fracture surface

Finite element when using implants with different CCD angles where the anatomical CCD angle of the femur
analysis was between 125° and 130°.

Methods: After establishing a finite element model of an unstable intertrochanteric fracture
from the femur with a native CCD angle of 127.3°, proximal femoral nail antirotation (PFNA)
models with CCD angles of 125° and 130° were virtually implanted to have the same position
of screw tip, respectively.
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Results: In the one-leg stance during walking, when the implant with 130° CCD angle was used,
the magnitude of compressive stress (1.61 and 2.12 MPa in the 130° and 125° model, respec-
tively) was lower and the area of the fracture surface under tensile stress (55% and 5% in
130° and 125° model, respectively), the interfragmentary movements (40.9% more movement
in 130° model), and the magnitude of bone deformation (23.5% more deformation in 130°
model) were more than those of the 125° model.

Conclusion: The intertrochanteric fracture fixed with PFNA with a 125° CCD angle revealed less
interfragmentary movement on the fracture surface when the native CCD was an in-between
angle in the FEA.

© 2019 Asian Surgical Association and Taiwan Robotic Surgery Association. Publishing services
by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Hip fracture is one of the most common medical issues
encountered by orthopaedic surgeons. The International
Osteoporosis Foundation reported that there are approxi-
mately 1.6 million hip fractures globally each year and pre-
dicted that this would increase to 4.5 million by 2050."3

Among various types of hip fractures, unstable
trochanteric fractures are a great burden to society and
cause major problems worldwide.*™"" Failure rates are
higher (8%—25%) with unstable fracture patterns'? and are
as high as 50% in the most unstable fractures.'?

While the sliding hip screw (SHS) is the implant of choice
in stable intertrochanteric fractures, intramedullary de-
vices have been used for over 25 years, and they are the
preferred treatment method used by orthopaedic surgeons
for unstable intertrochanteric fractures.' Practice guide-
lines from the American Association of Orthopaedic Surgery
(AAOS) also recommend the use of an intramedullary
device. > 16

Various factors are known to affect the outcomes of
unstable intertrochanteric fracture treatment, including
fracture type, bone quality of the affected limb, activity
level before fracture, the position of the lag screw or the
helical blade within the femoral head, the quality of
reduction, choice of implant, surgeon’s familiarity with a
specific implant, distal locking, and length of the nail.>"”
As the outcome of treatment is multifactorial, the modifi-
able factors have been discussed for better outcomes, with
implant choice being one of the major discussion topics.? '8

Anatomical studies reported that the caput-collum-
diaphysis (CCD) angle of the femur varies with ethnic dif-
ferences.'® %" Despite the variation, most of the mean
values were within the range of 125°—130°.*1920:22 Most
manufacturers of intramedullary devices provide two or
more options for implant CCD angles to help surgeons to
cope with anatomical variations in patients, following the
results of anatomical studies. As the mean CCD angle of the
femur is 127° with a standard deviation of 5°, one can es-
timate that about 38% of patients should be within the
range of 125° and 130°.

For femurs with an in-between angle, even after
anatomical reduction of the fracture and positioning of the
screw tip in the central area in the anterior/posterior and
lateral planes, as is typically recommended, implants with

a 125° or a 130° CCD angle are acceptable?'?>?* (Fig. 1).
Nevertheless, it is difficult to decide between these two
angles, due to the paucity of helpful information in previ-
ous studies.

We postulated that if the CCD angle of the femur had in-
between selectable options, the implant with a higher CCD
angle would provide better stability as bending component of
physical load would be less than that of a lower CCD angle.

Therefore, the aim of the present study was to compare
the biomechanical effects of intramedullary fixations with

Figure 1 In a femur with an in-between angle, it is accept-
able to use implants with a caput-collum-diaphysis (CCD) angle
of either 125° or 130° after anatomical reduction of the frac-
ture, even if the screw tip is positioned in the centre of the
head in the anterior/posterior and lateral planes, which is
typically recommended.
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different CCD angles were used in cases where the anatom-
ical CCD angle of the femur was between 125° and 130°.

2. Methods

The requirement for informed consent was waived by the
Institutional Review Board of our hospital as performing CT
was part of routine care and the use of these data posed
minimal risk to patients.

Since there are several factors affecting the treatment
outcomes of intertrochanteric fracture, it is difficult to
control all other factors in a clinical study and only observe
the effects of a single variable. Thus, we designed this
experiment as a finite element analysis (FEA) study.>'”"'8

2.1. Three-dimensional modelling of the femur

An angio-CT scan performed to evaluate deep vein throm-
bosis in a 78-year-old patient with a right intertrochanteric
fracture was used for this simulation. The patient was
selected as the CCD angle of his femur was 127.3° in the 3-
dimensional (3D) CT, which is close to the mean value of
Korean femurs.'’

In terms of basic anthromorphometric information, the
patient’s height and weight were 165 cm and 59.6 kg,
respectively.

Figure 2 A model of unstable intertrochanteric fracture was
established, corresponding to the Muller AO classification 31-
A2.1%, with 30% defect (BC/AB) in the medial support frag-
ment at the level of the lesser trochanter.”®

MIMICS Research 20.0 (Materialise Interactive Medical
Image Control System; Materialise, Antwerp, Belgium) was
used to reconstruct 3D models of the femur from the CT
images.

2.2. Fracture models

Using virtual osteotomy, we established a model of unstable
intertrochanteric fracture corresponding to the Muller AO
classification 31-A2.1 (unstable fracture type), with no
medial support at the level of the lesser trochanter.?*%¢

We assumed that the angle of the fracture line relative
to the femoral anatomic axis was 30°, and the defect in the
medial support fragment was 30%%° (Fig. 2).

2.3. Implant model

The 3D PFNA-II model (@ 10 mm; AO Synthes, Swiss) as
stereo-lithograph (STL) format was created using 3D Scan-
ner (Rainbow Scanner Prime; Dentium, Seoul, Korea) and
Micro CT (SkyScan1173; Bruker-CT, Belgium) Scanning. The
implant model was reconstructed into 3-dimensional data
by comparing the model data acquired through the 3D
scanner and the Micro CT with Nrecon (Bruker-CT) and Creo
2.0 (PTC, Boston, USA).

2.4. Coordinate system

The coordinate system for the femur applied in this study is
based on the definition by Bergmann et al?’ The femoral
shaft axis defines the z-axis of the global coordinate sys-
tem. The x-axis lies in the frontal plane as mapped by the
shaft axis and the femoral neck axis. The y-axis completes
the right-hand system.?”

2.5. Implant positioning

The 3D model of implant was virtually implanted into the
3D model of the femur using Creo 2.0.

To compare the effect of the CCD angle of the implant to
the fracture surface, two models of femur-implant com-
posite were created. An implant model with a 125° CCD
angle was virtually implanted to the 125° model while one
with a 130° CCD angle was used to form the 130° model.
These two models were identical in terms of tip apex dis-
tance (TAD), reduction quality, implant type, fracture
pattern, and patient factors, including material property of
bone and femoral geometry?>?%2° (Fig. 1).

The implant position was controlled by placing the tip of
blade at the same point in both models which was known as
the ideal position of spiral blade (centre—centre position)
and placing the nail without lateral cortex impingement of
the proximal femur in the coronal view and anterior cortex
impingement in the sagittal view.?> The tip of blade was
positioned 7 mm below the subchondral bone to yield a tip
apex distance of 14 mm according to literature and surgical
guide.??

We utilized Boolean subtraction to recreate the drilling
and reaming process used to insert the nail into the
femur.*°
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2.6. Solver

ANSYS Ver. 18.0 software with academic license (ANSYS
Inc., Canonsburg, PA, USA) was used. The mesh of the
models was generated using the tetrahedrons element type
(Fig. 3). The finite element model had 239,731 nodes and
156,281 elements. While the mesh size was adjusted to
4 mm, the fracture surface was given a fine mesh, which
was 1 mm for more detailed results.

2.7. Boundary conditions

All contacts between the two fracture fragments and the
implant were considered. All contacts were modelled as
frictional contacts. The femur was fixed from the distal
condylar articular face. Friction coefficient is 0.46 for
bone—bone interactions, 0.42 for bone-implant in-
teractions, and 0.2 for implant—implant interactions.>’

Both the bone and the implant were assumed to be
composed of isotropic and linearly elastic materials. Bone
was considered homogeneous material, for which elastic
modulus and Poisson’s ratio were respectively assigned to
the values of 17.5 GPa and 0.3.32 3% The proximal femoral
nail antirotation (PFNA) was considered to be made of ti-
tanium alloy (Ti-6Al-7Nb) with an elastic modulus of
105 GPa and a Poisson’s ratio of 0.34.°°

2.8. Loading condition

Bodyweight loading forces were applied according to
Bergmann et al.?”

During the recovery phase after hip surgery, climbing or
descending stairs accounts for 0.4% of all activity, whereas
walking accounts for 10.2%. Therefore, we used a one-leg
stance during walking as the loading condition.*®

Figure 3

A resultant load vector of 1752.2 N corresponded to 300%
for a bodyweight of 59.6 kg at an angle of 24° in the frontal
plane and 17° in the axial plane (Fig. 4a).?”*' Abductor
force was applied on the greater trochanter.>' We assumed
that the weight load was transferred to the surface of
hemisphere, which was inclined 45 and retroverted 25’ with
the consideration of the inclination of acetabulum and the
anteversion of both femur and acetabulum'®?%37 (Fig. 4b).

To evaluate the accuracy of our finite element models, a
convergence test of total strain energy was performed.
With these settings, the analysis was performed based on
the convergence results without any special error.

2.9. Biomechanical effects on the fracture surface

Stress on the fracture surface was compared in aspect of
normal stress on fracture surface, ratio of the area with
compressive stress to that with tensile stress, average
compressive stress on fracture surface, and the distribution
of shear stress were evaluated on the fracture surface.*®* *

The interfragmentary gap after loading was calculated
and compared.*>4®

To compare the stability between femur-implant con-
structs of both models, bone deformation after loading was
compared.

3. Results

Normal stress distribution maps in the fracture surface are
shown in Fig. 5a for both models. Higher maximum
compressive stress was found in the 130° model (140.6 MPa)
compared to the 125° model (63.2 MPa), while peak tensile
stress was 25.3 MPa in the 125° model and 15.6 MPa in the
130° model.

0.00 100.00 (mm)
[

50.00

A finite element model of unstable intertrochanteric fracture fixed with Proximal Femoral Nail Antirotation (PFNA) of

125° CCD angle. a. A total of 156,281 tetrahedral elements constitutes the femur model with 239,731 nodes. b. While the mesh size
was adjusted to 4 mm, the fracture surface was given a fine mesh, which was 1 mm for more detailed results.
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Figure 4

Loading condition. a. Load vector of 1752.2 N corresponds to 300% for a bodyweight of 59.6 kg. Abductor force was

applied on the greater trochanter. b. Load vector (red dashed arrow) had an angle of 24° in the frontal plane and 17° in the axial
plane.?® Weight load (green solid line) was transferred to the surface of hemisphere at an incline of 45° and retroversion of 25°.

When the area with compressive stress was mapped in
each model (Fig. 5b), 95.1% of the fracture surface was
under compressive stress in the 125° model while 55% of the
fracture surface was under compressive stress in the 130°
model.

The average compressive stress on the fracture surface
was 2.12 MPa in the 125° model and 1.61 MPa in the 130°
model, meaning that the compressive stress on the fracture
surface was higher in the 125° model (Table 1). The dis-
tribution of shear stress in the fracture surface was similar
in both models (Fig. 5c).

The interfragmentary gap after loading of 130° model
was 40.9% larger than that of 125° model (0.34 mm in 125°
model, and 0.48 mm in 130° model; Fig. 5d).

A comparison of the bone deformation of the femur head
was shown in Fig. 5e. More bone deformation was observed
in the 130° model than in the 125° model. Maximum bone
deformation in the 130° model was 23.5% larger than that of
the 125° model. (2.1 mm in the 130° model, and 1.7 mm in
the 125° model; Fig. 5e).

4. Discussion

As the choice of implant is an easily controllable factor
among the various factors that affect the mechanical
environment of fracture fixation, various fixation devices
have been designed and compared among themselves.
Intramedullary devices were compared to extramedullary



952 J.-T. Kim et al.

00 0000 (mm)

==

125 CCD IMPLANT 130 CCD IMPLANT

tensile

tensile

o
45% compressive

) 55%
compressive

95%

Figure 5 Mechanical environment of fracture surface was estimated. In each figure, (i) represents 125° model, (ii) represents
130° model. a. normal stress distribution. b. area of compressive and tensile stress. c. shear stress distribution. d. interfragmentary
gap with loading. e. deformation after loading.
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Figure 5 (continued).

Table 1 Average compressive stress on the fracture
surface.

Parameters of fracture surface 125° 130°
Area (mm?) 1206.3 1232.2
Compressive stress (N) 2561.8 1984.7
Average compressive stress (MPa) 2.12 1.61

ones, and screw type lag screws were compared to blade
type ones, 2 screw systems were compared to 1 screw
systems.'"2847749 However, few studies compared the ef-
fects of different CCD angles of implants when multiple
CCD angles are applicable. Given the anatomical study
regarding femoral CCD angle, it is not rare for surgeons to
face situations in which they must choose one of applicable
CCD angles of ready-made implants.* %29

In this study, we used 3-D models of implants with a CCD
angle of 125° and 130° to virtually fix an unstable inter-
trochanteric fracture model in a patient with a native CCD
angle of 127° and then used FEA to compare the mechanical
effects at the fracture surface during walking.

Mechanical environment for fracture stability was
assessed in three main features. Compression on the frac-
ture surface has an additive effect for fracture healing,
whereas tension and shear inhibit fracture repair.’° Various
fixation devices have been designed to provide better

mechanical environment for fracture healing; the key
concept of these devices has been controlled compression
at the fracture site.'® Previous finite element studies for
fracture fixation also evaluated the area with compres-
sion.>"3? Interfragmentary movement is one of the major
mechanical factors of fracture healing.*>* The difference
of deformation with the same loading condition indicates
the stability of fractured femur-implant construct.”’ When
the implant with 125° CCD angle was used, the area of the
fracture surface under compressive stress and the magni-
tude of compressive stress were more and the interfrag-
mentary movements and the magnitude of deformation
were less than those in the 130° model. It demonstrated
that unstable intertrochanteric fracture model fixed with
implants with a CCD angle of 125° was more mechanically
stable construct than that with 130 ° CCD implant.

As the purpose of the present study was to compare
plainly the mechanical effects of two CCD angles of im-
plants, several factors were simplified based on previous
finite element studies.>>>*>2 Although natural bone is
heterogenous, anisotropic, and nonlinear material, the
femur was modelled as a homogenous, isotropic, and line-
arly elastic material.”> A simplified fracture surface con-
sisted of one plane. Additionally, the fracture gap cannot
be absent in a real situation, though a perfect reduction
was assumed to control the reduction quality. However, the
relative difference between two models of the present
study provided insight for the comparison.
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Contrary to the intuitive hypothesis, several mechanical
factors provide the 125° model with advantages. When the
blade tip is located at the same ideal location, the differ-
ence in the implant CCD angle is thought to cause several
mechanical discrepancies, which then causes the differ-
ence in mechanical environment at the fracture surface.
Given the same reduction quality, when a walking load is
applied, the stress in the direction of the blade sliding was
larger for the 130° implant (Fig. 6a). The blade undergoes
stress that bends the head medially, and in turn forms a
moment that rotates the proximal fragment in the medial
direction, with the length of the blade acting as the lever
arm length (Fig. 6b). Differences in the depth of the nail
cause differences in the distance between the rotation
centre and the fracture surface. Since the distance be-
tween the nail and the fracture surface is greater in the
130° model than the 125° model, the forces acting on the
fracture surface are different, even given the same
moment (Fig. 6¢). Given the same tip position, because the
CCD angle of the implant determines the path of the blade,
this results in different amounts of medial buttressing
bone. The 125° model had a greater amount of medial
buttressing bone than the 130° model (Fig. 6d). On sum-
mary, differences in the implant CCD angle determined not
only the sliding direction of the blade, but also the blade
length, the nail depth, the distance from the medial cortex
to the blade, and the amount of buttressing bone medial to
the blade at the fracture surface; in combination, these
factors resulted in better mechanical conditions for the
125° model.

Few studies have been conducted regarding the effect
of the implants’ CCD angles on the fracture fixation. In a
retrospective study, fixation of unstable intertrochanteric
fractures with an implant’s CCD angle less than the native
CCD angle was associated with more varus reductions and
fracture displacement. No significant correlation was
observed with lag screw cutout.? However, the study had
many limitations. Exclusion of 71 out of 154 subjects in-
troduces a risk of sampling bias, and since 84% of subjects
only received implants with a CCD angle of 125°, other
angles were severely underrepresented. Due to the low
number of cases showing treatment failure, statistical
comparison was difficult; in addition, there was no
assessment of reduction quality prior to fixation, and
hence it was difficult to tell whether the trend for varus
reductions was affected by the choice of implant.
Because there are multiple factors that determine the
outcomes of intertrochanteric fracture, the effects of
any one factor of interest can only be ascertained by
focusing on that factor. In that previous study, the reli-
ability of the native CCD angle measurements was not
mentioned, casting further doubt on the reliability of the
conclusions. Because most studies have not evaluated
this relationship, it is thought that it remains uncertain.
In the future, it will be necessary to study real cases in a
well-controlled environment.

We acknowledge that our study has several limitations.
Because the finite element analysis is based on various as-
sumptions for simplification, the results of the present
study may only be used to infer the effects of the implant

(i)

(ii)

Figure 6

Differences in the implant CCD angle lead to differences in the direction of blade sliding and in the blade length, the

nail depth, the distance from the medial cortex to the blade, and the amount of buttressing bone medial to the blade at the
fracture surface. Due to a combination of these effects, the 125° model showed better mechanical conditions at the fracture
surface. In each figure, (i) represents the 125° model, (ii) represents the 130° model. a. The force component in the direction of
blade sliding was larger when using the 130° model. b. The blade length, which acts as the lever arm length in the moment causing
medial rotation of the proximal fragment, was larger in the 130° model. c. The nail was deeper in the 130° model, meaning that
there was a greater distance between the nail and the fracture surface. d. The 125° model showed more medial buttressing bone
(blue shadow in 125° model, red shadow in 130° model) than the 130° model.
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CCD angles. Although the femur was modelled from an
elderly patient who suffered from intertrochanteric frac-
ture, we assumed that the femur was composed of a ho-
mogenous, isotropic, and elastic material. As the goal is a
comparative biomechanical analysis, the mean features
would be adequate.®” In this study, experimental validation
was not made. Instead, validity of the FE model was
accepted by making the convergence study.

5. Conclusion

In the present FEA, intertrochanteric fracture fixed with
PFNA with a 125° CCD angle revealed a better biomechan-
ical environment on the fracture surface than that with a
130 © CCD angle when the native CCD was an in-between
angle.
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