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ABSTRACT

Objective: To evaluate the mechanical behavior of the proximal end 
of the femur submitted to the X-shaped polymethylmethacrylate 
(PMMA) reinforcement technique. Methods: Fifteen synthetic femurs, 
with a  Nacional® density of 10 PCF, were divided into two groups: the 
DX group,  with 5 units that were submitted to PMMA reinforcement, 
and the DP group, with 10 units, which were evaluated intact. The 
volume of PMMA required, the maximum load, and the absorbed 
energy to fracture were analyzed by means of a static mechanical 
bending test simulating a fall on the greater trochanter.  Results: 
A mean of 6 ml of PMMA was used to model the X-reinforcement; 
it was observed that the DX group presented significantly higher 
maximum load (median = 1553 N, p = 0.005) and absorbed 
energy to fracture (median = 9.7 J; p = 0.050) than the DP group 
(median = 905 N and 6.6 J). Conclusion: X-reinforcement of the 
proximal end of synthetic femurs showed a statistically significant 
increase in the maximum load and absorbed energy to fracture in 
the mechanical assay when compared to the control group. Level 
of Evidence III, Experimental study.

Keywords: Intertrochanteric fractures. Femur. Femoral fractures. 
Polymethylmethacrylate. Osteoporosis.

RESUMO

Objetivo: Avaliar o comportamento mecânico da extremidade proximal 
do fêmur submetido à técnica de reforço com polimetilmetacrilato 
(PMMA) em forma de X. Métodos: Foram utilizados 15 fêmures sinté-
ticos, com densidade de 10 PCF da Nacional®, divididos nos grupos 
DX, com 5 unidades submetidas ao reforço com PMMA, e DP com 10 
unidades, avaliados com sua integridade intacta. Foram analisados o 
volume de PMMA necessário, os valores da carga máxima e a energia 
absorvida até a fratura por meio de ensaio mecânico estático de 
flexão, simulando queda sobre o trocanter maior. Resultados: Foram 
usados em média 6 ml de PMMA para a modelagem do reforço em X 
e observou-se que o grupo DX apresentou carga máxima (mediana 
= 1553 N; p = 0,005) e energia absorvida até fratura (mediana = 
9,7 J; p = 0,050) significativamente maior que o grupo DP (mediana 
= 905 N e 6,6 J). Conclusão: O reforço em X da extremidade proxi-
mal de fêmures sintéticos apresentou incremento estatisticamente 
significativo da carga máxima e energia absorvida até a fratura no 
ensaio mecânico em comparação com o grupo controle. Nível de 
evidência III, Estudo experimental.

Descritores: Fratura intertrocantérica. Fêmur. Fraturas do fêmur. 
Polimetilmetacrilato. Osteoporose.

INTRODUCTION

Osteoporosis is a public health problem worldwide, and is more 
prevalent among the elderly female population.1 This disease is 
characterized by a reduction in bone mineral density, accompanied 
by a reduction in mechanical resistance of the bone. Its main factor 
of socioeconomic impact is the occurrence of low energy trauma 
fractures, and of these, fracture of the proximal femur (PF) is the 
one with the highest mortality rate.2

Mortality arising from fracture of the PF due to osteoporosis is as 
high as 30% the first post-operative year.3,4 Patients who present 
fracture due to osteoporosis in this region have an increased risk 
of a new fracture in the same region of the contralateral hip in the 
two-year period following the first fracture, and this percentage can 
increase five years after the first episode.5

The various therapeutic resources available are aimed at avoiding 
or reducing fractures due to osteoporosis of the PF. They can be 
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divided into nonpharmacological and pharmacological methods.6,7 
The methods have significant results, with a 40% to 60% reduc-
tion in the occurrence of fractures of the PF, although there are 
limiting factors to their use, and complete results. These include: 
lack of adhesion to treatment, side effects to the medications, 
adverse events, and difficulty of access by a large portion of the 
population.8,9,10 As a result, around 50% of the population treated 
for osteoporosis is vulnerable to a new fracture of the PF due to 
interruption of the treatment.10

Reinforcing the osteoporotic PF, with the aim of increasing me-
chanical resistance in this region, using a method that targets the 
bone tissue, is presented in the literature by experimental studies 
using cadaver bones. Products used for the reinforcement are: 
elastomers (silicone), screws, calcium phosphate cement, and 
polymethylmethacrylate (PMMA), the latter being the most frequently 
used.11 The majority of these products present favorable results 
in relation to properties of maximum load and absorbed energy 
for the occurrence of fracture of the PF.12-16 However, questions 
remain relating to reinforcement PF, such as determining the best 
positioning to optimize biomechanical performance, and the volume 
of PMMA to be used.17

The aim of this work was to evaluate the mechanical behavior of 
the proximal femoral head with X-shaped polymethylmethacrylate 
(PMMA) reinforcement, created by the author and not previously 
described in the literature.

MATERIALS AND METHODS

Fifteen synthetic polyurethane femurs were used for the mechanical 
essays, with density of 10PCF 10PCF (c-1010), obtained from Na-
cional®. The femoral used was 330 mm in diameter with diaphysis 
length of 45 mm. The femurs were divided into two groups; DP 
and DX. DP (n=5) is the control group with proximal femoral head 
intact. DX (n=10) is the group with femurs filled with PMMA in the 
trochanteric region and femoral neck. Next, two holes (PR) were 
made, denominated PR I and PR II.
Each PR of the DX group was prepared using a 220 x 2.5 mm steel 
guidewire, a 180 x 6mm cannulated drill, and a Stryker® model 120k 
electric motor. The holes were positioned as follows:
PR I – A point was marked on a line drawn on the longitudinal axis 
of the lateral surface of the synthetic model, 25 mm from the apex 
of the greater trochanter. From this point, another line was drawn, 
perpendicular to the first, 10 mm in the posterior direction, where 
the point of entry of the guidewire was established, (Figure 1a). 
The guidewire was introduced into this hole, using radioscopy, 
at an angle that enabled a straight line to be drawn through the 
two principal points – one in the central region of the middle 
third of the femoral neck and the other in the inferior anterior 
portion of the femoral head. (Figure 2a, b) Once the guidewire 
had been positioned, and its correct placement verified in the 
frontal and axial views, a 6 mm cannulated drill was used to 
create the PR 1 perforation.
PR II – At the entry point of the PR 1, a line was drawn parallel to 
the longitudinal axis of the lateral surface of the synthetic model, 
and as this line passed the apex of the greater trochanter, the 
point of entry of the PR II was determined. (Figure 1b) in the same 
plane of PR I, at an angle that enabled a straight line to be drawn 
between two principal points – the upper transition of the neck of 
the greater trochanter and PR I, crossing it. (Figure 3a, b) Having 
determined the correct positioning in the frontal and axial views, 
using radioscopy, this position was used as a guide to create the 
hole, using a 6 mm diameter cannulated drill.
After preparing the holes in the DX group, the PR I and II holes 
were filled in, model by model, with a unit of PMMA from the same 

manufacturer, of the Simplex P® brand, with the concentration and 
volume presented in its commercial kit. These were mixed manually 
to form a homogenous liquid, and transferred to a 20 ml syringe.
Injection of the liquid into holes was anterograde, and complete filling 
was observed during the procedure using radioscopy. (Figure 4 a.b). 
The average volume of PMMA used was observed, and calculated 
by numbering the syringes and recording the amount used.
For the mechanical assays, an MTS® (“Materials Testing System”) 
machine, model 810 – FlexTest 40 was used, from the laboratory 
of mechanical assays – Department of engineering and materials 

Figure 1. Images illustrating the locations and parameters of the entry 
points of PR I and PR II. 
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Figure 2. Radioscopic images and positioning of the guidewire, at their 
points of references for the preparation of PR I.
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Figure 3. Radioscopic images of the positioning of the guidewire, at its 
points of reference, for the preparation of PR II.
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manufacture – UNICAMP- SP. The assayed femur was fixed in an 
assay device with screws and a metallic support, leaving 150 mm 
of its length outside the fixation point. The device with the femur was 
then positioned at the base of the assay machine, tilted 10°, with 
horizontal and internal rotation of 15°, with the greater trochanter 
supported on a silicone disk of 30.5 mm in diameter, to simulate 
a fall onto the trochanter. (Figures 5 a, b) A load cell with 10k/N 
capacity was used, with a pre-load of 40 N and load application 
speed of 2 mm/s. the force was applied to the head of the femur 
until fracture of the assayed region. The mechanical properties 
evaluated were: maximum load and absorbed energy.
The results of the mechanical properties are presented in the form 
of tables and graphs. The data in the graphs were expressed as 
central and dispersion measurements, to illustrate the differences 
between groups. The Shapiro-Wilk test was conducted to verify the 
normality of the data. Next, inferential analysis was conducted using 
the Mann-Whitney test, to compare the properties of maximum load 
and absorbed energy until fracture between the groups. A level 
of significance of 5% was adopted. The statistical analysis was 
processed using the statistical software program SAS® System, 
version 6.11 (SAS Institute, Inc., Cary, North Carolina).

RESULTS

The mean PMMA used to fill each unit of the DX group was 6 ml. 
The synthetic models of both groups presented fracture of the 
femoral neck in the basicervical region. (Figure 6)
The mean maximum load obtained in the DP group was 935 N, 
with standard deviation of 290 N. In this DX group, this figure was 
1500 N, with standard deviation of 180 N.

Table 1. Description of maximum load and energy to fracture, by group.
Variable n mean SD median IQR minimum maximum p value

Maximum Load (N)
DX 5 1500 180 1553 1367 - 1607 1182 1627

0.005
DP 10 935 290 905 704 - 1174 555 1399

Energy to fracture (J)
DX 5 9.7 1.4 9.7 8.4 - 11.1 8.1 11.5

0.050
DP 10 7.1 2.5 6.6 4.6 - 9.7 4.4 10.4

SD: Standard deviation; IQR: interquartile range (Q1-Q3). Mann-Whitney test.

The energy absorption values in Joules (J) for the occurrence of 
fracture in the DP and DX groups were 7.0 J and 9.7 J, respectively.
The differences in percentage values obtained in the increases 
evaluated, in the maximum load and absorbed energy, showed 
increases of 37.6% and 26.8% between the DP and DX groups, 
respectively.
The general description of maximum load and energy to fracture, 
by group (DX, DP), and the corresponding descriptive levels (p 
valor) of the Mann-Whitney test, are shown in table 1.
It was observed that the DX group presented significantly greater 
maximum load (mean = 1500N; p = 0.005) and energy to fracture 
(mean = 9.7J; p = 0.050) than the SD group (mean = 935N and 
7.1J), as illustrated by Figures 7 and 8, respectively.

Figure 4. Radiographic images of the synthetic model after completely 
filling the holes.

Figure 7. Maximum load by group (p = 0.005).

Figure 6. Sample of the DX group post-assay, showing the fracture of the 
femoral neck in the basicervical region.

Figure 5. Sample of the control group, fixed onto the machine, demon-
strating its positioning. At the mechanical pre-assay moment. 
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Figure 8. Energy to fracture, by group (p = 0.05).

DISCUSSION

The fracture mechanism of the PF with fall on the trochanter has 
its own characteristics, as this positioning of the trauma inverts the 
mechanical attributions of the structures in this region. The areas 
that are generally exposed to compression forces are also exposed 
to traction forces, and vice versa, making this segment, when asso-
ciated with the bone fragility, susceptible to fractures by minimum 
trauma fractures, and hindering the search for information on the best 
positioning of the bone reinforcement with PMMA in this region.17

Another difficulty in determining a positioning of excellence in the 
reinforcement of the PF is the biomechanical complexity of the 
proximal femur, as well as the inversions of load attributions in this 
trauma mechanism. No reports were found in the literature describ-
ing techniques to study the creation of other holes in different regions 
of the PF, and in particular, to study the greater trochanter, which 
carries great mechanical responsibility in the fracture mechanism 
and dissipation of energy of the trauma.13,18

The mean volume of PMMA used to fill each model in the DX group 
(6.0 ml), which is lower than in cases described in the literature, 
which range from 9.5 to 40.0 ml of PMMA used.12-16 This fact is of 
great importance, as reducing the volume of PMMA will also reduce 
possible damage to the region by the thermal action caused by 
the PMMA polymerization process, since the higher the volume of 
PMMA used, the greater the heat given off at the site.

The choice and use of the synthetic model from same material and 
batch helps to standardize the mechanical assays, seeking to reduce 
the variables relating to cadaver models, such as: diameter of the 
femoral neck, neck angle, variations in thickness of the cortical 
components, and variations in bone densities, all of which can 
affect the results.18,19 However, the composition of the DP group 
was fundamental, as this enabled a comparative parameter. It 
should also be emphasized that this group presented a relatively 
high standard deviation. For this reason, 10 models were assayed 
to enable it to be reduced, a fact that did not occur in the DX group.
The absolute values for maximum load and absorbed energy 
obtained in this study cannot be compared to the results found 
in the literature, as the mechanical properties of the model are far 
beyond those of the cadaver models commonly seen in previous 
publications. However, the differences obtained in these maximum 
load and energy tests were 37.6% and 26.8% respectively, between 
the groups analyzed. The values as percentages, of the assay 
described in the literature, using the lower mean in volume of PMMA 
(9.5ml) obtained an increase of 30% in maximum load and 46% in 
energy value,13 leading us to believe that we may have equivalent 
or better results to those previously described, using an even lower 
volume of PMMA, ad using synthetic models that simulate human 
bones with osteoporosis, and their biomechanical properties.
The challenges related to the technique for reinforcing the PF 
aimed at reducing the risk of fracture in this region by minimum 
trauma go beyond the biomechanical structures, and certainly 
include complex ethical and social evaluations for their application 
in vivo, since implementing a surgical procedure as a prophylactic 
option for PF fractures can and should be something that is 
properly explored, as there are literal descriptions of products 
with this objective, and bibliographic descriptions that describe 
local femoral reinforcement as extremely acceptable, through 
the minimally invasive procedure, with little aggression for the 
patient at imminent risk of fracture in the non-fractured hip during 
surgery to treat a fractured hip, since the patient is already under 
anesthetic, and the bone fragility is stabilized.20 Thus, further 
research is needed on the subject, to add more information to our 
knowledge and thereby contribute to optimizing the technique of 
PF using PMMA, with the lowest risk.

CONCLUSION

X-shaped reinforcement of the proximal end of synthetic femurs 
with PMMA increased the maximum load and absorbed energy in 
the mechanical assays performed.
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