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Abstract 

Aims Implant failure in allograft reconstruction is one of the most common problems after treating a large bone 
defect for a primary bone tumor. The study aimed to investigate the effect of bone cement augmentation with differ-
ent configurations of dual locking plates used for femoral allograft fixation.

Methods Four finite element (FE) models of the femur with a 1-mm bone gap were developed at the midshaft with 
different configurations of the 10-hole fixation dual locking plate (LP) with and without intramedullary bone cement 
augmentation. Model 1 was the dual LP at the lateral and medial aspect of the femur. Model 2 was Model 1 with 
bone cement augmentation. Model 3 was the dual LP at the anterior and lateral aspect of the femur. Finally, Model 4 
was Model 3 with bone cement augmentation. All models were tested for stiffness under axial compression as well 
as torsional, lateral–medial, and anterior–posterior bending. In addition, the FE analyses were validated using biome-
chanical testing on a cadaveric femur.

Results Model 2 had the greatest axial compression stiffness, followed by Models 1, 4, and 3. Bone cement aug-
mentation in Models 2 and 4 had 3.5% and 2.4% greater axial stiffness than the non-augmentation Models 1 and 3, 
respectively. In the bone cement augmentation models, Model 2 had 11.9% greater axial compression stiffness than 
Model 4.

Conclusion The effect of bone cement augmentation increases construct stiffness less than the effect of the dual LP 
configuration. A dual lateral–medial LP with bone cement augmentation provides the strongest fixation of the femur 
in terms of axial compression and lateral bending stiffness.
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Introduction
Reconstruction of a bone defect after wide resection of 
primary malignant bone tumors remains a challenge for 
the orthopedic oncologist surgeons. Allograft is widely 
used for this procedure; however, a high complication 
rate has been reported, including nonunion, fracture of 
the graft, and failure of the implant [1]. These complica-
tions occur due to a non-vascularized bone graft, which 
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needs more time than normal bone for bone union [2]. 
Rigid fixation with plate and screws was proposed as the 
fixation of choice to reduce such complications [3]. The 
most common site for reconstruction with allograft is 
the femur [4, 5], and the best choice for rigid fixation is 
a locking plate (LP) [6]. Various methods have been pro-
posed to reduce complications and improve construct 
strength, including dual LP fixation to increase construct 
stiffness [7–10] and augmentation of bone cement to 
improve the mechanical properties of the allografts [1, 
11].

Polymethylmethacrylate (PMMA) bone cement has 
been used in orthopedic surgery since 1945 [12]. Ger-
rand et  al. [1] retrospectively reviewed the addition of 
intramedullary bone cement to large segment bone 
allografts and found that graft survival improved with 
a decreasing risk of fracture. The advantage of reinforc-
ing with bone cement is that it improves the mechanical 
properties of allografts and leads to a lower fracture rate. 
Gupta et  al. [10] reported that 46 patients underwent 
reconstruction with an intercalary allograft of the femur, 
tibia, and humerus. The overall survival was 84.8% and 
33% (15 patients), which had a complication. Gupta et al. 
[10] concluded that intercalary allografts augmented with 
intramedullary cement with compression plate fixation 
provide a reliable and durable reconstruction method 
after the excision of a primary diaphyseal bone tumor. 
Ozaki et  al. [13] retrospectively reviewed the allograft 
reconstruction after resection of bone sarcomas and 
compared the outcomes of allograft reconstruction of 
26 intramedullary cemented massive allografts with 19 
allografts without cementation. The allograft was frac-
tured in 3 cases in the uncemented group, while no graft 
fracture occurred in the cemented group. Late infec-
tions developed in 1 of the cemented group and in 4 of 
the uncemented group. Ozaki et  al. [13] concluded that 
intramedullary graft cementation trends to reduce frac-
ture and infection rates.

No study to date has identified the role of augment-
ing bone cement with dual LP for femoral allograft fixa-
tion. A previous study showed that a lateral and medial 
10-hole LP configuration provided the most rigid and 
strongest fixation [7]. However, the main problem 
encountered while performing this procedure was screw 
trajectory of the opposing screws in the medial–lateral 
direction. We hypothesized that bone cement augmenta-
tion of the dual LP in the orthogonal direction (lateral–
anterior)—technically easier to perform than the former 
dual LP configuration—should result in greater than or 
equal to construct strength than dual LP in the lateral 
and medial configuration.

We thus conducted the current study to investigate 
the biomechanical properties of the dual LP for femoral 

allograft between the orthogonal (anterior and lateral) 
and opposing direction (medial and lateral) both with 
and without bone cement augmentation.

Material and methods
The Institutional Review Board of Khon Kaen University, 
Khon Kaen, Thailand, approved the study (HE641110). 
We first performed the finite element (FE) analysis of the 
femur, followed by the biomechanical study of the cadav-
eric femurs. For the results of an FE analysis to be cred-
ible, the model must be experimentally validated in at 
least one load case [14].

FE analysis
The DICOM format of the computed tomography (CT) 
scan of the fresh femoral cadaver was used to create the 
femoral models, which were then exported to MIM-
ICS 10.01 (The Materialise, Leuven, Belgium). These 
models were then imported into SolidWorks 2015 soft-
ware (SolidWorks Corp., MA, USA) and PowerShape 
2013 (Autodesk Inc., San Rafael, California, USA). Stiff-
ness analysis of the plate assembly was performed using 
ANSYS workbench 15.1 (ANSYS, Inc., Canonsburg, 
Pennsylvania, USA).

All the FE models were meshed using solid tetrahedral 
elements with ten nodes. The mesh of the bone model 
was refined with an element size of 4.0 mm. The model 
comprised the number of nodes and elements (924,099 
and 593,835, respectively). The bones, implants, and bone 
cement material properties were assumed to be isotropic 
and linearly elastic. The Poisson’s ratio of the femur was 
0.3 with a Young’s modulus of 0.805 GPa. The femur was 
27.7 mm in diameter and 430 mm in length. The length 
of the 10-hole locking plates was 186 mm. The respective 
width and thickness of the locking plate were 17.5 and 
6 mm. The screw was 4.5 mm in diameter and 33 mm in 
length. The locking plate and screws were stainless steel, 
element size 1 mm with a Young’s modulus of 200 GPa. 
The polymethylmethacrylate (PMMA) bone cement had 
a Young’s modulus of 2.7  GPa and a Poisson’s ratio of 
0.35 [15]. The interface condition between the bone and 
plate was set as the contact condition, while the inter-
face between the screw and the plate and the screw and 
the bone represented the bonded condition. The friction 
coefficient between the bone–cement interface was 0.3 
[16].

Four FE models with a bone gap of 1 mm were created 
at the midshaft of the femur to simulate the host–graft 
junction [17, 18] (Fig. 1). The proximal part of the femur 
represented as the host bone, while the distal femur rep-
resented as the femoral allograft. In Model 1, the 10-hole 
locking plates were placed at the lateral and medial 
aspect of the femur. Model 2 was Model 1 with bone 
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cement augmentation. Model 3 was the dual LP at the 
anterior and lateral aspect of the femur. Finally, Model 4 
was Model 3 with bone cement augmentation.

The femurs were tested for axial compression and tor-
sional stiffness in the one-legged stance phase of walking 
with 15 degrees of adduction in the coronal plane and 
aligned vertically in the sagittal plane [19, 20] (Fig. 2A). A 
force of 1500 N was applied to the center of the femoral 
head to test for axial compression stiffness.

As for four-point bending stiffness, the femurs were 
positioned as shown in Fig. 2B, and a 1000-N force was 
applied in the lateral–medial (LM) and anterior–poste-
rior (AP) direction to assess LM and AP bending stiff-
ness, respectively.

As for torsional stiffness testing, the machine was set 
to torque at 12 N·m with a frequency of 0.1 Hz in three 
cycles. Then, the force was applied to the femoral head 
using angular displacement control (0.1  degrees/s) for 
both external and internal rotations.

The stiffness of each model was calculated by divid-
ing the maximum force applied by the maximum defor-
mation. The deformation (strain) measurements were 
recorded: between 10 and 1500  N as applied axially for 
axial compression testing; between 0.1 and 12  N·m for 
torsional testing; and between 10 and 1000 N for LM and 
AP bending.

Biomechanics testing
The fresh-frozen human cadaveric femur was obtained 
from the Department of Anatomy, Khon Kaen University. 

A 75-year-old man donor consented to using his body for 
research purposes. The femur was radiographed before 
the study to exclude fractures, infections, and bone 
tumors. All soft tissues were stripped from the bone. The 
femur was thawed at room temperature for 12 h before 
applying the plate and screws. An intramedullary canal 
was reamed 2 mm larger than the diameter of each femur. 
A reciprocating saw was used to make a 1-mm transverse 
osteotomy at midshaft of the femur to mimic the host–
graft junction. Plastic cement plugs were inserted 95 mm 
from the osteotomy site at both the proximal and distal 
parts of the femur.

Polymethylmethacrylate (PMMA) bone cement (Rally®, 
medium viscosity with Gentamicin sulfate, Smith & 
Nephew, Inc., Memphis, TN, USA) was hand-mixed and 
left to cure at room temperature. The cement was poured 
into the medullary region of the femur, at both the proxi-
mal and distal segments. The cement was allowed to set 
for 20  min. The locking plates (4.5/5.0, broad Stainless-
Steel Locking Compression Plate (LCP) System, DePuy 
Synthes Raynham, MA, USA) were applied laterally and 
anteriorly to the femurs according to standard surgical 
procedure. The femoral head and condyle were secured 
with multiple, custom, adjustable jigs to an Instron Elec-
troPuls™ E10000 Linear-Torsion (Illinois Tool Works Inc, 
MA, USA) (Fig.  3). Before biomechanical testing, the 
femurs were stored at room temperature for 6 h to allow 
cement curing. The axial compression, four-point bend-
ing, and torsional testing were performed three times to 
ensure reproducibility.

Fig. 1 FE models of femurs with 10-hole dual LP configurations (P = posterior, L = lateral)
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Fig. 2 FE model of the 10-hole dual LP during (A) the axial compression and torsional test and (B) the LM bending test
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Axial compression testing
In order to simulate the single-leg stance phase of walk-
ing, an axial compression load of 1500  N was used 
with a preload of 50 N [19]. Finally, a maximum load of 
1500 N was applied at 100 N/s. Bluehill 3 software was 
used to run all the tests.

Four‑point bending test
The four-point bending test was done in two directions, 
LM and AP, to assess the respective LM and AP bend-
ing stiffness. The center of the machine was placed at 
the fracture site. A preload of 50 N was applied to a 
maximum of 1000 N at 100 N/s.

Torsional testing
The femur was positioned similarly for axial com-
pression testing. A torque of 12  N·m at a frequency 
of 0.1  Hz was tested in both the internal and external 
rotations.

Statistical analyses
The Pearson’s correlation coefficient was used to com-
pare the FE analysis results and the biomechanical 
testing. A p-value of less than 0.05 was considered 

statistically significant (SPSS version 23, SPSS Inc., Chi-
cago, IL, USA).

Results
FE analysis
The axial compression, AP and LM bending, and tor-
sional stiffness for Models 1, 2, 3, and 4 are presented in 
Fig. 4A–C, respectively.

Model 2 provided the greatest axial compression and 
LM bending stiffness, while Model 4 provided the great-
est AP bending and torsional stiffness.

As for the effect of bone cement for the same configu-
ration of dual LP (Model 1 vs. Model 2 and Model 3 vs. 
Model 4), Model 2 over against Model 1 had 2.4%, 4.4%, 
0.6%, and 8.9% greater axial compression, AP bending, 
LM bending, and torsional stiffness, respectively. Mean-
while, Model 4 over against Model 3 had 3.5%, 0.9%, 
3.6%, 5.8% greater axial compression, AP bending, LM 
bending, and torsional stiffness, respectively.

As for the effect of a different dual LP configuration 
for the model with bone cement (Model 2 vs. Model 4), 
Model 2 had 11.9% and 17.5% greater axial compression 
stiffness and LM bending than Model 4, respectively. 
On the other hand, Model 4 had greater AP bending 
and torsional stiffness than Model 2 for 14.2% and 4.3%, 
respectively.

Biomechanical testing
The axial compression, AP, LM bending and torsional 
stiffness of the fresh-frozen femurs of Model 4 are 
614.1 ± 5.2 N/mm, 2215.9 ± 2.6 N/mm, 2734.3 ± 11.4 N/
mm and 126.8 ± 1.9 N·m/degree, respectively.

Validation of FE analysis and biomechanical testing
A strong correlation between the FE analysis and the bio-
mechanical testing was demonstrated (Fig. 5). The Pear-
son correlation was r2 = 0.99, p < 0.01.

Discussion
Our previous study on the configuration of the dual LP 
concluded that the dual LP in the medial and lateral 
aspect of the femur provided the highest axial compres-
sion stiffness. The construction with high stiffness means 
that it has immediate stability after surgery and can be 
considered optimal [19, 21].

The FE analysis is a computational tool for compara-
tive studies of various implant designs [21, 22]. Cadav-
eric studies reveal that specimens vary in geometry and 
mechanical properties, which is difficult to reproduce 
[23]. In the current study, the FE analysis was used to test 
the different configurations of dual LP for femoral fixa-
tion with and without bone cement augmentation. The 

Fig. 3 Biomechanical testing for axial compression and torsional 
testing with the femur at 15 degrees of adduction in the coronal 
plane aligned vertically in the sagittal plane. The femoral head 
and condyle were secured to the Instron ElectroPuls ™ E10000 
Linear-Torsion with custom, multiple, adjustable jigs
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Fig. 4 FE analysis of dual LP (A) axial compression stiffness (B) bending stiffness (C) torsional stiffness
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Fig. 4 continued

Fig. 5 Validation of the FE strains and experimental strains
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results of a FE analysis are validated by biomechanics 
testing to ensure their credibility. [14, 19, 21, 24, 25].

The effect of plate configuration for femoral shaft fixa-
tion has been investigated. El Beaino et al. [9] compared 
the mechanical properties of conventional and locking 
dual plates in adjacent and orthogonal orientations for 
fixation of femoral shaft fractures. El Beaino et  al. [9] 
found that dual LP provides higher stability than their 
dual conventional plates and that orthogonal dual plate 
configuration is more stable and biomechanically supe-
rior to dual adjacent plating. Our previous study reported 
that the dual LP configuration with 10-hole medial and 
lateral LP provided the femur’s most rigid and strongest 
fixation [7].

Mechanical properties of bone cement were investi-
gated, and weak in tensile strength but strong in com-
pressive strength were observed [15, 26]. Sas et  al. [27] 
studied the effect of cement augmentation of metastatic 
lesions in the proximal femur and reported that cement 
augmentation did not significantly increase stiffness. 
Wahnert et  al. [28] studied the implant augmentation 
with bone cement in osteoporotic distal femur fractures 
and found that there was no significant difference in axial 
compression stiffness between the cement augmentation 
and non-augmentation groups. These results agree with 
our findings that bone cement results in a 2.4% increase 
in axial compression stiffness in models with a dual 
medial–lateral locking plate versus 3.5% in models with a 
dual anterior–lateral locking plate.

The dual LP configuration had a greater impact on 
axial compression stiffness than bone cement augmen-
tation with respect to construct stiffness. The current 
study revealed that bone cement augmentation models 
provided a 0.6–8.9% increment in construction stiffness 
than non-cement augmentation models. In bone cement 
augmentation models, differences in the dual LP con-
figuration resulted in a 4.3–17.5% increase in construc-
tion stiffness, which could be explained by the Young’s 
modulus of locking plate being greater than that of bone 
cement.

Model 4 was the most favorable technique and rela-
tively easy to perform: it was achieved with a dual LP 
configuration in the orthogonal direction (anterior and 
lateral) augmented with bone cement; in contrast to a 
dual LP in the opposing direction (medial and lateral) 
with a screw trajectory toward the opposite side in the 
medial–lateral direction. Based on our results, Model 
4 had greater AP bending and torsional stiffness than 
Model 2, while Model 2 had greater axial compression 
stiffness and LM bending stiffness than Model 4. We 
suggest the optimum dual LP configuration is Model 2 
because the failure of the locking plate for femoral fixa-
tion usually fails due to an axial load [29, 30].

The limitations of this study are: (1) the study focused 
on short-term results of bone cement, so long-term out-
comes need to be investigated in a prospective clinical 
study; (2) the study accounted only for bone and no soft 
tissue was considered, so the effect of bone cement aug-
mentation in patients may be different; and (3) the effect 
of temperature of the bone cement was not included, 
which could affect the results.

Conclusion
For fixation of femoral allograft, dual LP in the LM con-
figuration with bone cement augmentation provided 
the strongest fixation of the femur. However, the plate 
configuration has a greater effect than the augmenta-
tion of bone cement on axial compression stiffness. We 
thus recommend using bone cement augmentation with 
dual LP in the LM configuration for femoral allograft 
reconstruction.
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