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A potential effective treatment for prevention of osteoporotic hip fractures is augmentation of the
mechanical properties of the femur by injecting it with bone cement. This therapy, however, is only in
research stage and can benefit substantially from computational simulations to optimize the pattern of
cement injection. Some studies have considered a patient-specific planning paradigm for Osteoporotic
Hip Augmentation (OHA). Despite their biomechanical advantages, customized plans require advanced
surgical systems for implementation. Other studies, therefore, have suggested a more generalized injec-
tion strategy. The goal of this study is to investigate as to whether the additional computational overhead
of the patient-specific planning can significantly improve the bone strength as compared to the general-
ized injection strategies attempted in the literature. For this purpose, numerical models were developed
from high resolution CT images (n = 4). Through finite element analysis and hydrodynamic simulations,
we compared the biomechanical efficiency of the customized cement-based augmentation along with
three generalized injection strategies developed previously. Two series of simulations were studied,
one with homogeneous and one with inhomogeneous material properties for the osteoporotic bone.
The customized cement-based augmentation inhomogeneous models showed that injection of only
10 ml of bone cement can significantly increase the yield load (79.6%, P < 0.01) and yield energy (199%,
P < 0.01) of an osteoporotic femur. This increase is significantly higher than those of the generalized injec-
tions proposed previously (23.8% on average). Our findings suggest that OHA can significantly benefit
from a patient-specific plan that determines the pattern and volume of the injected cement.

© 2019 Elsevier Ltd. All rights reserved.
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1. Introduction rate of second fracture occurrence is 6-10 times higher in patients

who have already suffered an osteoporotic hip fracture (Dinah,

The rate of mortality one year after osteoporotic hip fracture
has been reported to be between 20% and 45% (e.g. Goldacre
et al.,, 2002; Teng, 2008). Most of these fractures are due to low
bone mass coupled with a fall to the side (e.g. Lane et al., 2000;
Parkkari et al., 1999). A wealth of research on reducing fracture
rates considers long-term preventive measures such as estrogens
and selective estrogen receptor modulators, calcitonin, and bispho-
sphonates. The mentioned remedies, however, do not provide
much-needed immediate prevention especially for elderly who
have experienced a second fracture in the contralateral hip. The
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2002). Osteoporotic Hip Augmentation (OHA) with Polymethyl
methacrylate (PMMA) bone cement is a potential treatment option
for patients at the highest risk of fracture. Higher volumes of
PMMA, however, may introduce the risk of thermal necrosis and
other complications such as leakage or blockage of the blood sup-
port (Lundskog, 1972; Eriksson and Albrektsson, 1983). To this end,
several cadaveric studies were conducted to investigate the effi-
ciency and effectiveness of OHA using PMMA bone cement. Fliri
et al. (2013) proposed a V-shaped cement pattern and showed that
it results in an increased energy absorption until fracture. In the
study of Beckman et al. (2011), it was concluded that a single cen-
tral augmentation aligned with the femoral neck axis results in sig-
nificant improvements in mechanical properties of the femur.
Moreover, the patient-specific planning and computer-assisted
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augmentation can result in significant biomechanical improve-
ments using reduced amounts of bone cement (Basafa and
Armand, 2014; Santana Artiles and Venetsanos, 2017) as compared
to studies where gross filling of the neck and trochanter was
employed instead (more than 40-50 ml) (Sutter et al., 2010a). In
the optimized injections, cement location was determined utilizing
a modified method of Bi-directional Evolutionary Structural Opti-
mization (BESO) (Basafa et al., 2013b). Recent study of Varga
et al., however, recommends generalized injection strategies for
OHA arguing that detailed preoperative planning and controlled
injection techniques are not realistic for the current clinical prac-
tice. In their study injection patterns were developed based on
the principles of Wolff's law considering how bone would adapt
its internal structure to withstand loading of a sideways fall
(Varga et al., 2017). Numerical results of Varga’'s study suggested
that cementation of the “main compression bridge” connecting
the medial head region of the femur with the greater trochanter
provides a larger increase in the yield load and yield energy of
the proximal femur in side-way falls as compared to the “single
central” configuration (Varga et al., 2017; Beckmann et al., 2007).
However, the assumption that a proposed injection strategy can
be executed perfectly is not realistic. Therefore, it is also important
to consider how the cement diffuses inside the osteoporotic bone
structure given any preoperative plan or injection strategy. Our
group has previously developed a particle-based hydrodynamic
model to predict the infiltration of cement into the porous medium
of cancellous bone (Basafa et al., 2013a). This model can be utilized
to validate the effectiveness of different augmentation strategies
prior to the execution.

In this paper, we investigate if the additional computational
overhead of the patient-specific planning can significantly improve
the bone strength as compared to the novel generic planning
attempted in the literature. Other contributions of this paper
include: (1) Modifying the computational paradigm introduced
by Basafa et al. (2015) to enhance the hydrodynamic simulations;
(2) Demonstrating the significance of the hydrodynamic simula-
tion within the context of overall planning paradigm; and (3) Com-
paring the effect of homogeneous versus inhomogeneous FE
models within the proposed overall planning paradigm.

2. Methods
2.1. Plan-based injection

High resolution Computed Tomography (CT) scans from four
osteoporotic femur specimens (one male and three females) with
average neck t-score of —3.2 (confirming osteoporosis) were
obtained. From each pair, one specimen was randomly chosen for
augmentation. The new planning paradigm consisted of three
phases: (1) Finite Element (FE) optimization of the injection pat-
tern based on the method of BESO; (2) Matching BESO results with
realistic injection volumes; and (3) Cement diffusion modeling
based on the method of Smoothed Particle Hydrodynamics (SPH)
(Basafa et al., 2013a).

To optimize cement pattern, we first created a FE mesh of the
femur utilizing concentric rings of quadratic 20-node brick ele-
ments, supplemented with 15-node wedge elements at the cen-
ter (Dhondt, 2004). Next, inhomogeneous material properties
were assigned to these elements based on the bone density
observed from the pre-operative CT scan. Using linear interpola-
tion of known values for plastic phantom, Hounsfield Unit (HU)
intensity values were converted to ash densities. Apparent den-
sity was calculated using Eq. (1) were p,g and puygren are ash
and apparent densities in gr/ml, respectively (van Lenthe et al.,
2001).

paparent = Pash X 1.79+0.119 (1)

Finally, the density values were converted to elastic modulus
using Eq. (2) (Morgan et al., 2003; Keller, 1994). In these models,
the region above the lesser trochanter was assumed to be mostly
trabecular bone and the lower region was assumed to be mostly
cortical bone. Fig. 1 shows the distribution of elastic modulus of
the femora.

E =10,500p2%2° Cortical Bone
(2)
E = 685004 Trabecular Bone

app

where E is the elastic modulus in MPa. The Poisson’s ratio of 0.4 is
assumed for the femoral bone elements. In the first iteration of the
BESO, we populate the proximal part of the femur with PMMA ele-
ments with elastic modulus of 1.2 GPa and Poisson’s ration of 0.4.
The inefficient PMMA elements were gradually removed from the
FE model while added to the high load-bearing regions using strain
energy as the criterion. Details of the optimization is described else-
where (Basafa and Armand, 2014) and was previously validated on
seven cadaveric experiments (Basafa et al., 2015).

In the second step of planning, we used gradient-descent opti-
mization algorithm to find the closest match to the BESO results
through simulation of realistic injection volumes (spheroids) of
no more than 10 ml combined. The optimization identifies the
lengths (L;) radii (R;) of injection blobs in addition to the target
point and orientation of the injection path (angles 6 and ¢). A pla-
nar schematic of this algorithm is shown in Fig. 2.

VBESO m VSleeroids

Mex VBESOUVSpheroids subject to V spheroids < 10 ml 3)
where
N , 4,
VSpheroids = Z <7IR1- L,— + §71:Rl. ) (4)
i=1

and N is the number of spheroids.

In the final step of the planning, we ran the SPH simulation to
estimate the final distribution of the cement within the bone struc-
ture. SPH incorporates the extreme viscosities associated with the
bone cement. This is done by creating a porous model of the prox-
imal femur from CT volume. Assuming an injection rate of 0.1 ml/s
and viscosity of 200 Pa-s for the bone cement at the time of injec-
tion, SPH simulates the hydrodynamics by removing the tissue par-
ticles on the path of a virtual drill (injection line) and gradually
introducing cement fluids on the same path (Basafa et al,

Elastic Modulus (E) in MPa

Fig. 1. Distribution of the Young’s elastic modulus in the critical region of the
femur. Note that the upper region is assumed to be mostly cancellous.



A. Farvardin et al./Journal of Biomechanics 94 (2019) 75-81 77

BESO
Pattern

Injection
Spheroids

Injection
Path

Fig. 2. Schematic of the optimized injection pattern by BESO (green), practical injection volume (blue) and line of injection (red). Note that the target point (starting point of
injection), length (L) and radius (R) of each injection blob, and orientation of the injection path are optimally selected to find the closest match between the BESO pattern and
injection spheroids. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

2013a). Three major steps of planning paradigm are shown in
Fig. 3.

2.2. Generalized injection strategies

In addition to the customized injection strategy, three general-
ized injection patterns were selected based on the previous studies
including the single central (Beckmann et al., 2007) (V1; Red),
main compression bridge (V2; Blue) and compression bridge to
the lower part of the femoral head (V3; yellow) (Varga et al,,
2017). For each of these injections, we assumed a single injection
blob (spheroid) with volume of 10 ml connecting the desired
anatomical landmarks (Fig. 4). This was followed by a diffusion
simulation to estimate the final cement blob utilizing the SPH
method described earlier.

2.3. Biomechanical evaluation and data analysis

To evaluate the biomechanical effect of each injection strategy,
a static FE analysis was performed on each model using ABAQUS
(ABAQUS/Standard V6.8, SIMULIA, Providence, RI). Each model
was evaluated with both homogeneous and inhomogeneous mate-
rial properties to investigate the potential differences of biome-
chanics when boundary conditions simulating a side-way fall on
the greater trochanter are applied (Sutter et al., 2010b) (Fig. 5).
For the homogeneous models, we have assumed an average ash
density (p,,) of 0.206 g/ml for all the bone elements and have cal-
culated the apparent density as 0.488 g/ml from Eq. (1) (van Lenthe
et al.,, 2001). The output parameters from the FE solver included the
displacement component of the loaded nodes in the direction of

Optimal

/ Injection

(A) (8)

the load and maximum and minimum principal strain values,
reported at the centroid of each element. Using the parameters
at the load of 500N and assuming linearity, outputs could be
scaled for any desired load. Following the procedure in Basafa
et al. (2013b), we define yield load as the load at which combined
volume of the failed elements reach 1% of the total volume of the
specimen. To compare the effectiveness of different injection
strategies, the values of yield load and yield energy were normal-
ized to the non-augmented state of the same specimen for both
homogeneous and inhomogeneous models. All generalized injec-
tions were considered based on a 10 ml volume of PMMA since
the customized injections were constrained by this value in the
gradient-descent optimization described before. For each group,
mean and standard deviation of the data were given as descriptive
statistics. Results of different strategies were compared through a
two-way ANOVA test with state significant level of 0.05.

3. Results

To investigate the possibility of realistically reproducing the
generalized patterns of injection, we ran SPH for the cement blob
of each generalized injection strategy. Fig. 6 shows SPH results of
the generalized injections for specimen #1 and the final distribu-
tion of cement elements in the FE model. It can be observed from
the pattern of the FE mesh that the thickness of PMMA is unlikely
to match those of the desired pattern (cylindrical volumes shown
in Fig. 4).

All injection methods were found to improve the biomechanical
properties of the femur simulating sideway falls. The average injec-
tion volume of the optimized pattern was 9.2 ml (SD: 1.0 ml). Most

Matching
spheroids e

Injection line

(€

Fig. 3. (A) Schematic of the optimized injection pattern by BESO, (B) the matching spheroids (blue rings) and (C) line of injection with corresponding results of the SPH
simulation (blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Generalized injection strategies: a) Single central (V1; Red), b) main compression bridge (V2; Blue) and c) compression bridge to the lower part of the femoral head
(V3; yellow). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Boundary conditions simulating a side-way fall on greater trochanter. The
distal vertices were fixed in all three directions and the surface vertices on the
10 mm lateral side of the greater trochanter were restricted to move only in the y-z
plane.

of the optimal injection lines were directed from the supero-
anterior aspect of the neck to the posterior of the greater trochan-
ter. Table 1 shows the conversion of SPH results for customized
injections patterns into FE mesh.

The normalized Results of the FE analysis suggest that the cus-
tomized injection patterns are significantly more effective in
increasing the yield load of the proximal femur than those of the
generalized path in the inhomogeneous models (P < 0.01). This dif-
ference however is not significant in the homogeneous models
(P=0.234). In addition, customized injections can increase the
yield energy by 199% (Standard Deviation (SD):78.4%) which is sig-
nificantly higher than those of generalized injections (117% (SD:
38.4), 140% (SD: 52.6) and 136% (SD: 52.3%) for V1, V2 and V3,
respectively). Relative improvements on yield load and yield
energy were calculated for all injection variations and are summa-
rized in Figs. 7 and 8. Note that injection in the main compression
bridge (V2) is more effective than other variations of the general-
ized injection.

4. Discussions

Results of the hydrodynamic simulations combined with the FE
analyses suggests that OHA can significantly benefit from a pre-
operative plan that defines the 3D path of the drill hole and pattern
of injection as compared to a generalized injection recommenda-
tion made in recent literature.

Several cadaveric and simulation-based studies were conducted
in the past to evaluate different injection strategies for OHA (Heini
et al., 2004; van der Steenhoven et al., 2011; Freitas et al., 2018). In
this study, we have investigated four of these strategies: V1; the
single central augmentation (Beckmann et al., 2007), V2 and V3
that were previously developed based on the principles of bone
remodeling (Wolff's law) and resemble the main compression
bridge (Varga et al., 2017), and a modified method of patient-
specific OHA based on a previously validated planning paradigm
(Basafa and Armand, 2014). Simulation results demonstrated that
all injection variations improve the fracture-related biomechanical
parameters; however, the customized injection strategy is signifi-
cantly more effective in improving the fracture-related biome-
chanical properties of femur compared to all general patterns
(P <0.01). In this study, we used both homogeneous and inhomo-
geneous material properties in FE models to compare different
injection strategies. Inhomogeneous model of the bone, which
was previously validated in cadaveric studies (Basafa and
Armand, 2014) leads to significantly different results from the
homogeneous model (P < 0.01) suggesting that customized models
can greatly benefit OHA, as the mechanical properties of the bone
are calculated based on radiodensities of pre-operative CT images.

Computational modeling of novel generalized injection strate-
gies was recently presented by Varga et al. (2017) using nonlinear
finite element simulations. Results of this study are similar in con-
cluding that V2 is a more effective than the other two injection
strategies. However, this study suggests a lower yield load (32.7%
(SD: 15%) compared to about 45%, as reported in the literature)
for V2. This difference can be explained by the results of SPH
demonstrated in Fig. 6. The desired pattern of PMMA distribution
(shown in Fig. 4) is considerably different from post-operative
results of the injection. Most of such variations occur in the
femoral head and are observed for all generalized injections. In
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Fig. 6. SPH results of generalized injection strategies (a) the single central mesh of the specimen #1 with diffused volume of cement in different variations of the generalized
injection strategies: The single central (V1; Blue), main compression bridge (V2; Blue) and compression bridge to the lower part of the femoral head (V3; yellow). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1

FE mesh of the femur specimens with the optimized injection patterns after hydrodynamic simulation. Cement volumes were constrained and initially located based on the

modified method of BESO (IV: Injection Volume).

# 1 2 3 4
Side Right Left Right Left
IV (ml) 7.79 9.98 9.87 9.15
Sagittal

B e

Axial

S

addition, unexpected leakage of bone cement combined with
exothermic nature of PMMA curing may result in complications
such as osteonecrosis or blockage of the blood supply. Thus, once
a pattern of injection is chosen for OHA, it is important to consider
how PMMA distributes in the proximal femur altering the biome-
chanical outcomes.

In a more recent study on patient-specific femoroplasty, it was
observed that 11.7 ml of cement can lead to 100% increase of yield
load in simulation (Santana Artiles and Venetsanos, 2017). Assum-
ing linearity, algorithm presented in this paper increase the yield

load by 93.1% for the same volume. However, the injection patterns
in the study of Santana et al., are idealized and do not lie on a single
line of injection. The proposed modifications to the planning para-
digm presented in this paper may reduce this difference since the
algorithm decides on a single line of injection for all cases.

Apart from the improved outcome of customized planning for
OHA, surgical implementation of this strategy requires an image-
guided system for intraoperative feedback. This system consists
of surgical navigation involving 2D/3D registration of preoperative
CT scans to the femur radiographic images (Otake et al., 2012),
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Fig. 7. Percentage of the yield load increase normalized to the non-augmented state of the same specimen.
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Fig. 8. Percentage of the yield energy increase normalized to the non-augmented state of the same specimen. Among different injection strategies, only the customized

injection in the Inhomogeneous group was significantly higher than the others.

real-time tracking, and a handheld motorized bone cement deliv-
ery device (Kutzer et al., 2011).

The biomechanical evaluation analysis utilized in this study clo-
sely follows the approach that was previously verified against
cadaveric experiments where invasive testing was performed to
estimate the yield load (R? = 0.74) (Basafa et al., 2015). However,
the future work needs to directly evaluate the modified version
of the Basafa’s paradigm against cadaveric experiments. Further-
more, this study did not attempt to create a generic approach
based on averaging patient-specific approaches. This may or
(may not) provide a better generic approach as compared to the
present literature. However, applying such generic approaches will

still require real-time navigation for trajectory planning, 2D-3D
registration, and a motorized device to control the surgical execu-
tion. We submit that the main overhead of both generic and
patient-specific femoroplasty come from the surgical execution.
Thus, the use of a better generic approach may not turn out to offer
much advantage compared to the patient-specific paradigm. In
addition, since the injections of more than one blob requires con-
trolled injection techniques, all generalized injection were based
on a single blob injection (constant rate).

OHA is shown to improve the fracture related biomechanical
properties of the femur. However, the exothermic reaction of
PMMA polymerization may introduce the risk of thermal necrosis.
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This point was not addressed in the current study. In a separate
study, we have shown that the maximum temperature-rise of
the bone surface is 10 °C which occurs about 12 min after cement
injection (Farvardin et al., 2018). Other studies have pointed out
that the temperature increase in the range of 45- 60 °C
(temperature-rise of 8-23 °C) may cause thermal tissue damage,
depending on the exposure time (Diller, 1985; Buettner, 1951).
Therefore, in the future, in addition to the mechanical strength of
the femur, maximum temperature-rise and duration of thermal
exposure are important factors that need to be considered while
planning the injection parameters for OHA.
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