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Abstract

Background Osteoporotic supracondylar femoral fractures (OSFF) have historically been managed by the lateral
anatomical locking plate with reasonable success. However, for some kinds of unstable and osteoporotic supracon-
dylar femoral fractures (UOSFF), especially with bone defects, unilateral locking plate (ULLP) fixation failed or resulted
in implant breakage. This paper is going to explore what is the stable internal fixation for UOSFF by adding the bilat-
eral locking plate (BLLP) fixation.

Methods OSFF models were divided into two groups according to the fracture line type, which would be fur-

ther subdivided according to their angle of fracture line, presence of bone defect, location, and degree of bone
defect. Thereafter, kinds of locking plate fixation were constructed. A 2010-N load was applied to the femoral head,
and a 1086-N load was applied to the greater trochanter. In this condition, the maximum von Mises stress distribution
of models were investigated.

Results Firstly, it was obviously found that the stress concentration in the BLLP group was more dispersed

than that in the ULLP group. Secondly, according to the fracture line analysis, the stress value of fracture line type in“\"
model group was higher than that of “/”model group. Moreover, with the increase in fracture line angle, the stress
value of the model increased. Thirdly, from the bone defect analysis, the stress value of the medial bone defect (MBD)
model group was higher than that of the lateral bone defect (LBD) model group. And as the degree of bone defect
increased, the stress value increased gradually in the model group.

Conclusion In the following four cases, lateral unilateral locking plate fixation cannot effectively stabilize the fracture
end, and double locking plate internal fixation is a necessary choice. First, when the angle of the fracture line is large
(30, 45). Second, when the fracture line type is“/"Third, when the bone defect is large. Fourth, when the bone defect
is medial.

Keywords UOSFF, ULLP, BLLP, Biomechanical study

Introduction
Over the past 20 years, OSFF mainly caused by low-
energy trauma has recorded an increase in incidence in

*Comrespondence: the elderly population [1-8]. Only osteosynthetic recon-
Jiangbao Xu struction with intramedullary nails or extramedullary
1582344125@q0.com _ _ - plates can stabilize these fractures against forces and
The Quzhou Affiliated Hospital of Wenzhou Medical University, Quzhou, . .

People’s Hospital, Quzhou 324000, China strains on the femur [9]. Intramedullary nail can pro-
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Due to the promotion and maturation of the MiPPO
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technique, plates have gradually become mainstream
[10]. However, some clinical studies have shown that
ULLP fixation fails or results in implant breakage when
the fracture is accompanied by the severe comminution,
bone loss, or osteopenia due to the thin cortex, poor
bone quality, and limited bone stock available for screw
purchase [11]. It has been reported that nonunion of the
distal femoral after ULLP treatment occurs in 10%—23%
of cases [12], and the adding of an medial locking plate is
effective in preventing nonunion [13-15].

Both excessive stress values at the support and exces-
sive movement between the fracture blocks always
appear in the failure of the ULLP internal fixation, espe-
cially in UOSFE. However, clinically quantifying three-
dimension (3D) fracture-site motion and stress values
remains impractical, and determining the location where
the ULLP fixation failed or resulted in implant breakage
is also largely limited by the inability to measure or pre-
dict fracture-site motion [16—18]. Computational mod-
eling, especially finite element analysis (FEM), permits
parametric investigation at a lower cost. Such computa-
tional analysis has been proposed as a tool to study the
stress, displacement, and stiffness. Besides, this analysis
can help identify potential causes of internal fixation fail-
ure of locking plates and suggest improvement schemes
[19].

From what has been discussed above, adding a medial
locking plate (in the BLLP fixation) becomes crucial to fix
the UOSFE. Therefore, we designed this study to explore
the stable internal fixation method for UOSFF and to
investigate the primary causes of implant breakage.

Materials and methods

FE analysis

In this study, a 3D-FE model of OSFF was established,
which can be modified to simulate different structures
according to different clinical conditions. The model con-
sisted of two components: the osseous anatomy and the
fixation hardware. The osseous anatomy was obtained
from a healthy male volunteer who met the diagnostic cri-
teria for osteoporosis (the elastic modulus of cortical and
cancellous bone decreased by 33% and 66%, respectively)

Table 1 Summary of structural parameters
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[30]. The lower limb CT images were acquired using a
UCT530 CT machine with 120 kV/179 mAs scanning
and were segmented by Mimics 15.0 software. The fixa-
tion hardware was composed of bone plates and bone
screws and made of isotropic nonlinear materials TA3
and Ti6Al4V, respectively. Its elastic modulus and Pois-
son’s ratio can be referred to published data [31]. In addi-
tion, the tensile curve data of yield strength are shown in
Table 1.

Modeling fracture types and fixation methods

OSFF models (OTA/AO classification of 33A or 33B)
were divided into two groups according to the fracture
line type (transverse fracture line or oblique fracture
line). These two groups were further subdivided accord-
ing to their angle of fracture line (15°/30°/45°), presence
of bone defect, location of bone defect (medial/lateral),
the degree of defect (5/10/15/20/30 mm), and the type of
defect (triangular) as shown in Fig. 1. Thereafter, based
on the engineering drawings provided by the manu-
facturer, we reconstructed the geometric 3D models of
plates and screws. Additionally, when fixing the plates,
we used either a ULLP fixation, which involved using
9-hole (9H) or 13-hole (13H), or a BLLP fixation, which
involved using 9+6H or 13+ 6H, as shown in Fig. 2. A
total of 308 models (7 * (2 * 5+ 1) * 4) were built.

Constraints and loading conditions

The bone mesh type was C3D4 linear tetrahedral ele-
ment, while the bone plate and screw mesh type was
C3D10M quadratic tetrahedral element, with a total of
156,332 mesh elements. The contact surface of the frac-
ture zone was set by friction with a friction coefficient of
0.2. Cortical bone and cancellous bone combine to form
a contact surface. The connection region between the
screw and the bone was set by fixed constraints. The fric-
tion method was used to set the contact surface between
the plate and bone, and the friction coefficient was 0.1.
According to the physiological characteristics of the hip
joint, a 3D external force was applied to the proximal
femur, and the global coordinate system of the 3D model
was established in the upright state of the human body. A

Elastic modulus, MPa Poisson’s ratio Yield strength, MPa Tensile
strength,
MPa
Cortical bone of femur 11,256.0 0.3 / /
Cancellous bone of femur 197.2 0.29 / /
Bone plate 110,000 03 387 563
Screw 110,000 03 945 1042
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Fig. 1 (D Triangular defect: defect degree: AB=BC=AC=5 mm, 10 mm, 15 mm, 20 mm, 30 mm, oblique fracture line angle: B=15°, 30°, 45°,
AP=PB. Line | was parallel to the joint surface, and line“I"and line “n" were parallel to each other. @ A'B'=A'C’, B'D'=B'C'=D'E'=C'E; the line B'C’
was the reference line of the fracture line, and the angle was adjusted with the corresponding degree at the center point A’ of the reference line

Fig. 2 Number (D was the back view of the 9H-plate group, number @ was the front view of the 9H-plate group, number @ was the back view
of the 13H-plate group, and number @ was the front view of the 13H-plate group. Inside the black box is the fracture line area. The blue area

is a variable screw position, and stable screw positions are selected in the blue area according to the principle of minimum effective working
distance [32] (not through the fracture line area)
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negative load of 1086 N (F1) was applied along the z-axis
of the local coordinate system at the greater trochanter,
and 2010 N (F2) was applied along the z-axis at the femo-
ral head. The distal section of the femoral shaft was fully
restrained [25]. The angle between F2 and the sagittal
plane was =9, and the angle between F2 and the coro-
nal plane was a=10°, as shown in Fig. 3. Subsequently,
the model was imported into ABAQUS6.12-1 software to
simulate the standing state of the human body.

Validation and statistical methods of the FE model

The validation of a finite element model depends on three
main aspects: (1) clinical cases (Fig. 8). (2) Previously
published papers (References). (3) Whether convergence
of the model can be observed. If the stress value in any
part of the model is greater than a threshold, the model
does not converge (stress singularity), otherwise the
model converges (stress concentration). Data recording
and analysis were performed using IBM® SPSS® Statistics
version 22.0. And the Kolmogorov—Smirnov was used
to test the assumptions of normality and homogeneity
of variances. A t-test was used for normally distributed
data, and non-parametric test was used for non-normally
distributed data.

Results

Von Mises stress distribution of the femur

In the simulation of all models, a large stress was
observed in the fracture area according to the von Mises
stress distribution. Compared to the ULLP model, the
maximum von Mises stress distribution at this posi-
tion was much smaller for all the BLLP models (Table 2
and Fig. 4). The maximum cortical stress of the femur
under the 9H and 13H ULLP models were 403 MPa and
511 MPa, respectively. Under these conditions, the cor-
tical stress of the femoral bone under BLLP model was

Local coordinate system —;

e

Global coordinate system
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296 MPa and 291 MPa, respectively. The maximum
femoral stress of 9H and 13H BLLP were 440 MPa and
402 MPa, respectively (Fig. 4). Furthermore, except for
the “\” model group and fracture line angle of 15°, the
stress values of other models increased with the increase
in fracture line angle and defect degree (Table 2).

Von Mises stress distribution of the plates

In the simulation of all models, a large stress concentra-
tion at the fracture line was observed (Fig. 4). Compared
to the ULLP model, the maximum von Mises stress dis-
tribution at this position was much smaller for all the
BLLP model. The maximum stress in the long locking
plate in the 9H and 13H ULLP models was 779.5 MPa
and 679.4 MPa, respectively. In the 9H and 13H BLLP
models, the maximum stress values of the long plate were
574.8 MPa and 577 MPa, respectively, and the maxi-
mum stress values of the short plate were 654.7 MPa
and 583.8 MPa, respectively (Table 3). Furthermore,
the maximum stress value was larger in the model with
a larger angle to the fracture line and a larger degree of
bone defect. In the BLLP model, the stress value of the
long locking plate was greater than that of the small lock-
ing plate.

Von Mises stress distribution of the screws

In the simulation of all models, a significant stress con-
centration was observed at the area where the screw
meets the cortical bone. Compared to the ULLP model,
the maximum von Mises stress distribution at this posi-
tion was much smaller for all the BLLP models (Fig. 4).
The maximum stress in the screw of the 9H and 13H
ULLP models were 779.5 MPa and 679.4 MPa, respec-
tively. However, the maximum stress of the stress in
the 9H and 13H BLLP models were 574.8 MPa and
577 MPa (Table 3). Furthermore, when the fracture line

F1/

J—

Fig. 3 Femur loading. (Coordinate system reference standard ISO 7206-4), F1 is the resultant force of the muscles of the human body in the walking

state [33]
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Fig. 4 The red area represented the stress concentration

type was “/; the maximum stress value of the screw
was significantly higher than that of “\” The number
of convergences in the ULLP model group was signifi-
cantly less than that of the BLLP model group, except
for a non-convergence situation at “45°,” while all BLLP
models were able to converge successfully (Figs. 5 and
6).
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Amount of displacement with the degree of bone defect

or fracture line angle

In the simulation of all models, the maximum displace-
ment values (transverse and longitudinal) of all BLLP
models were much smaller than those of the ULLP
models (Fig. 7, Table 3). The maximum transverse dis-
placement values (X) of the 9H and 13H ULLP models
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Table 3 Comparison of 9H locking plate and 13H locking plate
Single locking plate Double locking plate
FC SC(MPa) LP(MPa) X(mm) Z(mm) FC SC(MPa) LP(MPa) SP(MPa) X(mm) Z(mm)
9H Min 118.6 341.2 142.6 -4.32 -1.70 167.7 355.1 232.1 130.7 -4.39 =175
Median 169.9 536.2 404.4 -593 -2.22 2183 694.4 3355 3486 -5.12 -2.38
Mean 207.7 7970 395.7 —-7.68 —-248 2419 6418 372 3419 -520 —-256
Max 5109 1470 779.5 —26.56 -6.25 439.8 1083 574.8 654.7 -7.17 —4.45
13H  Min 1160  364. 165.6 —18.1 -1.87 1418 3249 230.7 126.1 —-353 —-1.60
Median 1543 924.8 2925 -6.6 -2.29 2266 6756 3874 3735 —-4.12 -2.37
Mean 1986 8216 3234 -82 —-253 2472 7248 3939 351.9 —434 —-253
Max 403.0 1339 6794 -53 -4.73 4024 1154 5770 5838 -6.14 -3.97

*FC meant “femoral cortex”; SC meant “screw”; LP meant “long plate”; and SP meant “short plate”
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Fig. 5 The median maximum and minimum values were shown in the plot. The black arrow meant that this group did not converge

were — 26.56 mm and — 18.12 mm, respectively. The
maximum lateral displacement (X) of 9H and 13H
BLLP models were — 7.17 mm and — 6.14 mm, respec-
tively. The maximum longitudinal displacement values
(Z) of the 9H and 13H ULLP models were — 6.25 mm
and — 4.73 mm, respectively. The maximum longitudi-
nal displacement values (Z) of the 9H and 13H BLLP
models were — 4.45 mm and — 3.97 mm (Table 3). Fur-
thermore, when changing the bone defect, the displace-
ment of the ULLP model was more than that of the
BLLP model, and in the case of only changing the angle
of the fracture line, except for the displacement value
of the z-axis direction in the simulation of ULLP model

in 15° the displacement of the ULLP of the remaining
models was greater than that of the BLLP.

Discussion

In the reduction of OSFE, acquiring support from the
bilateral cortex at the fracture site immediately after
surgery is important. However, for UOSFF, particularly
those with large bone defects and treated with ULLP,
fixation failure or implant breakage is more likely to
occur. This may be due to the loss of continuity of bilat-
eral cortex in such fractures, the obvious loss of bone
quality, and the inability to effectively support the distal
femur, when the lateral locking plate is applied alone,
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the medial side cannot maintain the stability of the inner
femur due to the lack of sufficient support, resulting in
a significant increase in the displacement of the medial

fracture, increasing the risk of delayed fracture union or
bone disunion, and long-term concentration of stress
on the lateral bone plate will eventually lead to internal
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fixation failure [20, 21]. Our study was based on the FE
method and found that BLLP of the femur can signifi-
cantly reduce the probability of internal fixation failure
(the number of convergences of ULLP model was 30,
while that for BLLP models was 153, each group with a
total of 154 models), providing a biomechanical evidence
for treating UOSFF with BLLP. Currently, biomechanical
analysis of UOSFF and implants is common. The stress
distribution can be analyzed using FE method, by set-
ting parameters that reflect actual conditions, simulat-
ing the original tissue using discrete finite elements, and
calculating the stress values within it. If the stress is too
high, it will result in the destruction of bone tissue. The
von Mises stress distribution of the implant is an indica-
tor of metal yield strength. The higher the stress value on
the implant, the higher the probability of implant failure
[22-25].

The femoral cortical stress analysis showed that under
the ULLP model, the number of coverage models in “/”
group was significantly greater than that in “\” group,
while under the BLLP model, convergences of “/” model
was also greater than “\]” and there was only one case of
non-convergence, distributed in the fracture line type of
“\) the angle of the fracture line was 45°, and the defect
degree was 30 mm. However, the distribution of maxi-
mum stress in “/” group is generally larger than that in “\”
group (p<0.05). The following were the causes of these
“abnormal phenomena”: (1) In the standing position, the
transmission of human force is not vertical downward
but biased outward. Under the condition of the fracture
line type is “\,” the lower part of the femur can partly sup-
port the transmitted force, resulting in a difference in the
maximum stress value. (2) The fixation of the long lock-
ing plate located on the lateral side plays a more sup-
portive role than the model with the fracture line type “/”
compared to the model with the fracture line type “\” (3)
The small locking plate on the medial side can share the
stress of the long locking plate on the lateral side, but its
stability is not as good as that of the long locking plate
on the lateral side. (4) The degree of defect has a great
impact on the stability of the model. The larger the femo-
ral defect, the more unstable the model.

The position selection of the distal fixation screw is
often limited by clinical conditions and cannot be in
the correct position [34]. The distal screws and plates in
this paper were locked in the most ideal and stable state
after referring to the relevant literature (Fig. 2). From the
stress analysis of the plates and screws, it was found that
the maximum stress values of the plates were most likely
to occur around the fracture line, while the screws were
most likely to occur at the contact points with the bone
cortex. This is consistent with what has been stated in
many previous articles [12, 22-25]. Moreover, the stress
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values in the ULLP model were significantly higher than
those in the BLLP model (P<0.05). BLLP could signifi-
cantly relieve the highly concentrated stress distribution
caused by ULLP. The stress values increased with the
increase in fracture line angle and bone defect degree.
The ULLP model began to exhibit non-convergence
when the fracture line type was “/;” and the fracture line
angle was 30°. When the fracture line angle was 45°, the
model did not converge at all. When the fracture line
type was “\” and the fracture line angle was greater than
30°, the model did not converge at all. The BLLP mod-
els had only one non-converging case. For patients with
a fracture line angle greater than 30° and accompany-
ing bone defects, it is strongly recommended to use the
BLLP internal fixation method instead of the ULLP inter-
nal fixation method. Additionally, surgeons should pay
attention to the deformation of the screws at the contact
points between the plate and bone cortex at the fracture
line, and repair them in a timely manner.

The previous studies have found that shear movement
(x-axis displacement) inhibits healing tissue formation,
while proper longitudinal movement (z-axis displace-
ment) promotes healing tissue formation [12]. In this
study, we found a large displacement of the model in the
x-axis direction when changing the degree of bone defect
and a large displacement in the z-axis direction when
changing the angle of the fracture line. Thus, we believe
that if the fracture is accompanied by a large bone defect,
attention should be paid to the formation of callus, and if
the fracture line is large, more attention should be paid to
the bearing of the plate. However, adding a medial plate
can effectively reduce the longitudinal and shear move-
ment of the femoral fracture site. We also found that the
stress values on the femur and equivalent displacement
values at the fracture site were significantly decreased
in the 13H group compared to the 9H group, while the
stress values on the screws were significantly higher
in the 13H group than in the 9H group. However, the
number of convergences in the 13H group was not sig-
nificantly greater than that in the 9H group. These results
suggest that a longer locking plate can disperse the stress
concentration on the femur to a certain extent, thus
avoiding excessive displacement and providing more sta-
ble support for the formation of callus [16, 26—29].

The clinical validation of this paper came from a rare
case in our hospital (Fig. 8), which was retrospectively
analyzed. The angle of the fracture line was large (45°),
and the fracture line type was “/,’ the internal fixation
(ULLP) was performed by an experienced orthopaedic
surgeon. The operation was successful, there were no
common complications such as infection and bone non-
union [35]. However, a sudden internal fixation rupture
occurred 3 months after the operation during a normal
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Fig. 8 Atypical case: (1) oblique fracture, (2) first internal fixation, (3) failed internal fixation, and (4) second internal fixation

walk. The reason for the failure of internal fixation was
mainly because the ULLP could not be stabilized under
this fracture after systematic evaluation, which was con-
sistent with the concept proposed in this study.

This study has certain limitations, as it is not possible to
simulate all situations in FE analysis. In our simulations,
we did not consider patient-specific measurements of
soft tissue thickness or muscle function. Moreover, there
is no way to choose the right in vitro experiment to vali-
date the results because of the sheer number of models.

Conclusions

Our data demonstrate that more caution should be exer-
cised in patients in the following four cases: First, when
the angle of the fracture line is large (30°, 45°). Second,
when the fracture line type is “/” Third, when the bone
defect is large. Fourth, when the bone defect is medial.
To sum up, adding a small locking plate to the medial
side not only effectively reduces the postoperative stress
concentration distribution in the femur, but also reduces
the longitudinal and shear movement at the fracture end,
which is of great significance for the guidance of clinical
treatment.
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