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ARTICLE INFO ABSTRACT

Keywords: Background: Available interventions for preventing fragility hip fractures show limited efficacy. Injection of a
Prophylactic injection biomaterial as bone substitute could increase the fracture strength of the hip. This study aimed to show the
Ceramics feasibility of injecting a calcium sulfate/hydroxyapatite based biomaterial in the femoral neck and to calculate
Hip fracture

the consequent change in strength using the finite element method.

Methods: Five patients were injected with 10ml calcium sulfate/hydroxyapatite in their femoral neck.
Quantitative CT scans were taken before and after injection. Five additional patients with fragility hip fractures
were also scanned and the images from the non-fractured contralateral sides were used. Finite element models
were created for all proximal femora with and without injection and the models were tested under stance and
sideways fall loading until fracture. The change in fracture strength caused by the injection was calculated.
Additionally, perturbations in volume, location, and stiffness of the injected material were created to investigate
their contribution to the fracture strength increase.

Findings: The 10 ml injection succeeded in all patients. Baseline simulations showed theoretical fracture strength
increases of 0-9%. Volume increase, change in location and increase in stiffness of the material led to increases
in fracture strength of 1-27%, —8-26% and 0-17%, respectively. Altering the location of the injection to a more
lateral position and increasing the stiffness of the material led to increases in fracture strength of up to 42%.
Interpretation: This study shows that an injection of calcium sulfate/hydroxyapatite is feasible and can theore-
tically increase the hip's fracture strength.

Finite element analysis
Bone strength
Osteoporosis

1. Introduction median of 4.2 years of follow-up (Berry et al., 2008). In this same study

the one-year mortality following a second hip fracture was 24%, while

The socio-economic burden of osteoporosis is substantial and be-
sides patient morbidity, costs associated with management of osteo-
porotic fractures have been estimated to be close to €100 billion in
Europe (Hernlund et al., 2013). A statistical model analyzing the in-
crease in osteoporosis related fractures in the U.S and their costs be-
tween 2005 and 2025 indicates that the annual fracture rate and as-
sociated costs will increase by 50% (Burge et al., 2007). One of the most
common anatomical locations for fragility fractures is the hip and more
specifically the femoral neck (Warriner et al., 2011). Patients that have
already suffered from a first hip fracture have particularly high risk of a
second hip fracture (Sobolev et al., 2015). In the Framingham Heart
Study, 15% of subjects experienced a second hip fracture during a

the one-year mortality following an initial hip fracture was 16%. Thus,
there is a clinical need for prevention of fragility hip fractures both from
a patient and a socio-economic perspective.

Patients with an increased fracture risk are generally treated with
pharmacological interventions, such as bisphosphonates. However,
their effectiveness in terms of preventing hip fractures is limited
(Jarvinen et al., 2015), partially due to a delayed response to the
treatment of 9-16 months (Ferrari et al., 2016). This delay in response
is especially problematic for patients at very high risk of secondary
fracture and high mortality risk. Furthermore, systemic bispho-
sphonates may induce atypical cortical fractures by suppressing the
physiological bone remodeling cycles caused by the apoptotic effect of
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bisphosphonates on osteoclasts (Saita et al., 2015). External hip pro-
tectors have potential for reducing the impact of a fall on the femur, but
suffer from low patient compliance (Santesso et al., 2014).

A more recent development in prophylactic approaches is femor-
oplasty, where the femoral neck is augmented by injecting a material,
most commonly polymethyl methacrylate (PMMA). One of the first ex-
vivo experimental studies in the proximal femur injected 28-41 ml of
PMMA. The peak force increased with 21% in single leg stance and 82%
in sideways fall loading (Heini et al., 2004). Later, both ex-vivo ex-
perimental and computational studies aimed to optimize the injection
volume and location. Experimentally, this resulted in strength increases
up to 30-35% with 10-12 ml injections (Basafa et al., 2015; Beckmann
et al., 2011). In-silico computational studies using finite element (FE)
simulations showed an increase in fracture strength up to 59% with a
12 ml injection (Varga et al., 2017). All together, these studies show a
great potential of the technique. However, they all used PMMA, and the
protocols were either not tested for clinical feasibility or required
complex patient-specific planning and robotic injection devices. Besides
this, the risk of damaging surrounding tissue and the ethical concerns
surrounding invasive treatment of non-fractured bone remain, leading
to low clinical acceptance (Varga et al., 2016).

As an alternative to PMMA, apatite-based biomaterials like in-
jectable biphasic calcium sulfate/hydroxyapatite (CaS/HA) could be
used for femoroplasty. Several variations of this material are approved
for clinical applications (Nilsson et al., 2013) and CaS/HA has pre-
viously been suggested as an alternative for PMMA in e.g. vertebral
compression fractures (Masala et al., 2012). However, the clinical fea-
sibility of injecting CaS/HA in the hip and its potential to increase the
fracture strength has not been studied.

In this study we first aimed to show that an injection of CaS/HA into
the femoral neck is feasible. Secondly, a computational study using the
FE method was performed to calculate the resulting increase in bone
fracture strength after an injection. Finally, we aimed to determine how
variations in injected volume, location and stiffness of the injected
material can affect the increase in fracture strength as a base for local
prevention in patients at high risk for fragility hip fractures.

2. Methods
2.1. Patients and imaging

2.1.1. THR group

Five patients coming in for total hip replacement (THR) surgery
were first imaged using quantitative computed tomography (QCT)
(Lightspeed Pro 16, GE, Chicago, USA) (120 kVp, 647-697 mA, 2.5 mm
slice spacing, 0.7-1.0 mm in-plane voxel size) (Fig. 1A) using a bone
density calibration phantom (QRM-BDC/6, Quality Assurance in Radi-
ology and Medicine, Moehrendorf, Germany). Before surgery, the hip
was prepared in a sterile manner and dressed using sterile single-use
adhesive drapes. A 12 cm bone biopsy needle with cannula (13 G) was
percutaneously introduced through the lateral cortex of the proximal
femoral shaft at the level of the upper part of the lesser trochanter. The
cannula position in the femoral neck and material spreading during the
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injection was controlled and monitored with fluoroscopy (Arcadis Orbic
mobile C-arm, Siemens, Erlangen, Germany) (23 mA, 2.3 Kw generator
power, 0.6 mm maximum focal spot) using standardized AP and lateral
views of the proximal femur (Fig. 1B). All patients received an injection
of 10 ml CaS/HA (Cerament™ Bone Void Filler, Bone Support AB, Lund,
Sweden). The material was mixed using a standardized technique and
injected using passive retraction with the tip of the needle slowly being
retracted through the cervical neck into the trochanter. After material
injection all patients were placed in a lateral position and the total hip
replacement surgery using posterolateral approach was performed.
After femoral neck osteotomy all femoral heads were excised and im-
aged using QCT (Lightspeed Pro 16, GE, Chicago, USA) (120 kVp,
198 mA, 2.5 mm slice spacing, 0.5 mm in-plane voxel size) (Fig. 1C).

2.1.2. Hip fracture group

A second group of five patients with fragility hip fractures was in-
cluded in the study. These patients were not injected with the biphasic
material. They represented an osteoporotic cohort and were only used
for the FE-modeling part of the study. They had their contralateral, non-
fractured, hips imaged using QCT (Lightspeed Pro 16, GE, Chicago,
USA) (120kVp, 647-697 mA, 2.5mm slice spacing, 0.5-0.9 mm in-
plane voxel size) using the same calibration phantom as the THR group.
DXA scans were taken (Discovery Ci, Hologic, Marlborough, USA) to
confirm that all these patients were osteoporotic (Table 1).

All human experiments were approved by the Kaunas Regional
Committee of Ethics of Biomedical Researches (ethical permission
number: BE-2-40, 2017-06-26).

2.2. Image processing and finite element models

For the THR group, proximal femora of all patients were segmented
from the QCT images before surgery (Seg3D2, University of Utah, Salt
Lake City, USA). The QCT images of the excised femoral heads were
used to segment the injected material and the femoral head. These
segmentations were processed to obtain a surface geometry (Autodesk
Meshmixer 3.4.35, Autodesk, San Rafael, USA). The geometry of the
proximal femur and the femoral head, together with the biphasic ma-
terial geometry, were aligned using an in-house registration algorithm
based on the iterative closest point algorithm. None of the excised fe-
moral heads contained the full injection, so the fluoroscopy images
were used to estimate the location of the full injection and the biphasic
material geometry was extended to cover a total volume of 10 ml. The
surface geometries of the proximal femur and injection volume were
transformed into a solid geometry (Solidworks 2016, Dassault
Systémes, Vélizy-Villacoublay, France). Using a Boolean equation, the
region covered by the injection was removed from the femur geometry
(HyperMesh 2017, Altair Engineering, Troy, USA). Second order tet-
rahedral elements were used to mesh both geometries (total of ~100 k
elements and ~140 k nodes). Nodes within 0.1 mm from one another
between the two meshes were set to be equivalent to create one final
mesh without surface intersections.

For the hip fracture patients, who did not receive an injection, the
geometry of the injected material from the patient with the highest

Fig. 1. (A) Preoperative CT-scan with bone segmentation. (B) Intraoperative fluoroscope image. (C) Postoperative CT-scan of the femoral head and neck with
biphasic material segmentation. (D) Final FE mesh of the femur with 10 ml injected material.
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Table 1

Clinical Biomechanics 63 (2019) 172-178

Patient morphometrics. Patients are numbered based on areal bone mineral density (aBMD) as calculated from QCT. This was done by projecting and normalizing the
QCT obtained volumetric bone mineral densities [g/cm®] in a region similar to DXA. Thus a higher patient number indicates a more severely osteoporotic patient.

OA: osteoarthritis; ON: osteonecrosis; HF: hip fracture.

Patient 1 2 3 4 5 6 7 8 9 10
Sex m m m f f f f f f f
Clinical status OA OA ON OA OA HF HF HF HF HF
Age 73 71 54 75 68 88 77 85 83 94
Weight 86 82 74 75 69 50 79 60 72 75
Height 180 173 180 158 161 150 160 162 168 162
T-score N/A N/A N/A N/A N/A -35 -2.9 -2.7 -2.7 -35
aBMD DXA neck [g/cm?] N/A N/A N/A N/A N/A 0.458 0.531 0.551 0.552 0.456
aBMD QCT neck [g/cm2] 1.023 0.963 0.952 0.824 0.817 0.546 0.543 0.514 0.507 0.437

injection volume in the excised femoral head was used. This geometry
was manually inserted to fit in the femoral neck of the proximal femur
geometries. It was ensured that a similar positioning of the material as
in the THR patients was achieved. The rest of the modeling strategy was
kept the same.

Bone was modeled as a heterogeneous isotropic linear elastic ma-
terial with a Poisson's ratio of 0.4. The elastic modulus was obtained
from calibrated CT values (Morgan et al., 2003; Schileo et al., 2014)
using BoneMat V2 (Taddei et al., 2007). The region considered to
contain the injected material was modeled as bone with the exception
that the stiffness of each element was increased by 500 MPa, which is
the elastic modulus of the injected material, based on data provided by
the manufacturer (Bone Support AB, Lund, Sweden). Additionally, all
elements at the surface of the mesh were considered to be cortical bone
and were assigned a minimum stiffness of 500 MPa. Two loading con-
ditions were considered, single leg stance (SLS) and sideways fall (SWF)
(Fig. 2).

2.3. Variations of the modeled injection

For each patient the baseline injection in the models was varied
according to three schemes: changing the volume of the injection, al-
tering the location of the injection, or changing the material properties
of the injected material. In all cases the mesh was kept the same, and
elements at the surface of the mesh were regarded as cortical bone and
were not allowed to be penetrated by the injection.

2.3.1. Volume of the injection
The injected volume was increased by letting it grow in four dif-
ferent directions (Fig. 3).

A) Single leg stance

B) Sideways fall

Fig. 3. Definition of the growth directions with use of a vector along the di-
rection of injection. Each increment added one layer of elements connected to
the baseline injection, by moving elements defined as bone to the region cov-
ered by the injection. First, growth was only allowed in the direction of the
femoral head from elements at the tip of the baseline with new elements having
at least one node within 5 mm of the vector (femoral head, FH). Second, growth
was only allowed in the direction of the intertrochanteric region from the back
of the baseline with new elements having at least one node within 8 mm of the
vector (trochanter, TR). Third, growth was limited to the femoral neck by
growing radially outwards from the injection line but not forwards or back-
wards (femoral neck, FN). Lastly, growth was left free in all directions (FREE).

Fig. 2. The two loading conditions for each model.
The loading conditions were set by first defining a
reference frame in four steps. 1) The center of the
femoral head was found by fitting a sphere around
the femoral head and placed at the origin of the co-
ordinate system. 2) An axis was defined between the
centroid of the segmentation 20 mm below the minor
trochanter and a manually placed landmark in the
trochanteric fossa. 3) The whole geometry was ro-
tated to fit this axis into the frontal plane parallel to
the vertical axis of the coordinate system. All nodes
on the surface of the mesh more than 50 mm below
the minor trochanter were defined as base nodes. (A)
For Single leg stance (SLS) the mesh was rotated to 8
degrees adduction from the reference frame and
fixing the base nodes in all degrees of freedom and
applying a load in the inferior direction on the 10
most superior nodes on the surface of the mesh. (B)
For Sideways fall (SWF) the mesh was rotated to 10

degrees adduction and 15 degrees internal rotation and fixing the 50 most lateral nodes in the lateral-medial direction and applying a load in the lateral direction on

the 10 most medial nodes on the femoral head.
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Table 2
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Calculated fracture strength [N] and relative fracture strength increase [%] of each patient before and after injection of biphasic material. Patients are ordered by

aBMD as calculated from QCT. SLS: Single leg stance; SWF: Sideways fall.

Patient 1

2 3 4 5 6 7 8 9 10
SLS no injection 9313 14,891 9656 5587 8297 2579 3925 3075 4274 2327
SLS baseline injection 9468 15,001 9810 5717 8575 2682 3921 3301 4358 2421
2% 1% 2% 2% 3% 4% 0% 7% 2% 4%
SWF no injection 3916 5005 4901 2980 1916 1039 1622 1626 1581 1596
SWF baseline injection 3996 5184 4945 3002 2014 1076 1690 1767 1621 1708

2% 4% 1% 1%

5% 4% 4% 9% 3% 7%

2.3.2. Location of the injection

The volume was kept constant at 10 ml, and instead the location and
shape of the injection was changed to seven different locations. These
were: lateral (L), distal medial (DM), proximal medial (PrM), proximal
lateral (PrL), intertrochanteric region (ITR), anterior lateral (AL), pos-
terior lateral (PoL). In each femur, one element in each of seven loca-
tions was selected (Table 2). From each of the elements, the volume was
grown in all directions using the same algorithm as in the previous
section, until the injected volume reached 10 ml. When the last growth
increment exceeded 10 ml, elements from the last increment with the
highest density were removed, reducing the injected volume to 10 ml.

2.3.3. Stiffness of the injection

The effect of the injected material stiffness on the reinforcement of
the femur was investigated by changing its elastic modulus value from
the baseline level (4500 MPa) to +1000 MPa and + 2000 MPa. This
was simulated on all baseline injections as well as for varied injection
locations.

2.4. Data analysis

All FE simulations were solved in Abaqus 2017 (Simulia, Dassault
Systémes, Vélizy-Villacoublay, France). Fracture strength of each model
was calculated using a strain-based failure criterion that was earlier
validated for linear elastic models of the proximal femur under SLS and
SWF loading conditions (Schileo et al., 2014). In short, the maximum
and minimum principal strains of the nodes on the surface are mon-
itored and for each of these nodes the average strain in a 3 mm radius is
calculated. The strains and applied load are then monitored until a
strain of 0.73% in tension or 1.04% in compression is reached for one of
the nodes (Bayraktar et al., 2004). The node that first fails is considered
as the fracture location and the load required to reach this strain is the
fracture strength. Because of possible artificially high strains close to
the applied boundary conditions, all nodes within a 6-element distance

Femoral Head

Femoral Neck

of the boundary conditions are excluded from the determination of the
fracture strength.

The fracture strength of each of the models with an injection was
compared to the fracture strength of the corresponding femur without
injection. For the models with the volume increase the calculated
fracture strength at each increment was compared to the fracture
strength of the baseline injection to quantify the further increase in
fracture strength due to the increase in volume.

3. Results

Injection of 10 ml biphasic material was possible in all patients. The
material was injected in the closed cavity using passive retraction with
the tip of the needle slowly being retracted until the basis of the femoral
neck. In one of the patients no spreading of the material was observed
until the tip of the injection needle was retracted, leaving the injected
material mostly in the intertrochanteric region. In one patient some
material leakage into the lateral and medial circumflex arteries was
observed.

FE simulations of the baseline injection resulted in a minor increase
in fracture strength compared to the untreated cases (between 0 and 7%
in SLS and 1-9% in SWF, Table 2). Generally, the patients with the
highest relative increase in fracture strength were the osteoporotic
patients within the lowest range of aBMD calculated from the QCT
images.

For the variations of the modeled injection only the results for the
fracture group in SWF are reported, because this has the highest clinical
relevance. Additional results can be found in the supplementary data.

3.1. Volume of the injection

In most cases, an increase in the volume of the injected material led
to an additional increase in fracture strength. This increase was, how-
ever, highly sensitive to the growth direction, as shown in Fig. 4 for the

Fig. 4. Additional increase in fracture strength in response to

= = 20 incremental increase in injected volume for the five hip
@ @10 ey S fracture patients in SWF. Numbers next to each line represent
g % = i'; // the individual patient ranking in aBMD (Table 1). Fracture
w w
2 § 5 o § 10 2 strength increase was calculated by comparing the fracture
E E 0 ] p " 2 § ~ strength of each model to the fracture strength of the same
g2 i T S = 03 femur with the baseline injection.
= ko 10 = |

0 ) 10 0 5 10 15 20 25

Injection volume increase (ml) Injection volume increase (ml)
Trochanter FREE
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= = 10
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Distal
medial

Proximal

Baseline medial

Lateral

4% (3-9) 13%(5-26) 1% (1-1)
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Inter-
trochanteric

Proximal
lateral

Posterior
lateral

Anterior
lateral

1% (1-2)  -5% (-8-5) 2% (-1-20) 6% (5-22) 10% (5-13)

Fig. 5. All simulated variations of injection location with the fracture strength increase [%] presented as median (range) for the five hip fracture patients in SWF.
Fracture strength increase was calculated by comparing the fracture strength of each model to the fracture strength of the same femur without injection.

hip fracture patients in SWF. Extending the injection further into the
femoral head showed no positive effect on the femoral strength in SWF.
At low volumes an increase of volume towards the intertrochanteric
region had the highest effect of the tested volume increases, 0.7-2.1%/
ml. Limiting the growth to the femoral neck and leaving the growth free
generally resulted in a larger relative volume increase, 15-18 ml and
18-21 ml respectively, which subsequently also resulted in a higher
increase in fracture strength, 2-18% and 4-19%, respectively.

3.2. Location of the injection

Keeping the injected volume fixed to 10 ml while varying the in-
jection location resulted in high variation in fracture strength (Fig. 5).
The location that showed the highest effect for 3 out of 5 fracture pa-
tients in SWF was the lateral region of the femoral neck (lateral). The
other 2 fracture patients showed the highest increase in fracture
strength with the injection in the posterior lateral location.

3.3. Stiffness of the injection

Simulations of injections of a material with a higher stiffness
showed an increase in fracture strength (Fig. 6). A combination of a
more optimal location and higher stiffness increase for the injection led
to strength increases of 11-42%.

4. Discussion

In this study the feasibility to inject 10 ml of CaS/HA into the fe-
moral neck has been investigated in vivo, and the resulting increase in
fracture strength was calculated. Perturbations in injected volume, lo-
cation and stiffness were tested using FE models to find out what could
theoretically further increase the fracture strength.

CaS/HA was successfully injected into the femoral neck of all five
patients. No prior debridement of the marrow/trabecular bone was
performed to create larger space in cancellous bone and high pressure
was required to inject the 10 ml of material in some patients. Patients in
the THR group were operated due to advanced osteoarthrosis of the hip
joint with dense subchondral bone. Thus, the challenges of injecting
these patients were even higher since the patients were non-osteo-
porotic and had a relatively high bone density. In one patient radi-
olucency in the lateral and medial circumflex arteries was observed,

indicating leakage of the material or radiographic contrast agent into
the vessels. This may be explained by the controlled hypotension and
decrease in arterial resistance to the pressure, a common procedure
during spinal anesthesia. It could be speculated that it is not feasible to
inject substantially larger volumes that would fill the femoral canal
without damaging surrounding tissue and having material or contrast
agent leakage into the circumflex arteries. Injections of slightly larger
volumes may be feasible in patients with severe osteoporosis, but we
concluded that 10 ml serves as a reasonable volume indicator for local
femoral neck injections.

FE simulations with and without injection showed a large variation
in predicted fracture forces both between the two patient groups and
between individual patients in each group (Table 2). This implies that,
regardless of clinical status, the viability of the treatment for the in-
dividual patients is difficult to predict. For all patients, the predicted
increase in fracture strength was rather limited for both loading con-
ditions (up to 9%). This suggested that the volume was insufficient, the
location was not optimal, and/or the material properties of the injected
material were not sufficient. Therefore, we continued investigating
these parameters to find out which of these options can, theoretically,
further increase the fracture strength.

When varying the volume of the injection, we found that the cal-
culated increase in femoral strength was highly dependent on the di-
rection of the volume increase. The highest initial increase in fracture
strength per unit volume occurred when extending the volume towards
the intertrochanteric region. For the fracture patients, no further in-
crease in fracture strength was seen when extending the volume into
the femoral head.

Altering the injection locations, the highest increases in fracture
strength were achieved with the injection in the lateral and posterior
lateral locations. These results agree with previous studies that in-
vestigated the optimal location for strength increase in SWF. Basafa
et al. indicated the superior and inferior parts of the femoral neck and
supero-posterior aspect of the greater trochanter (Basafa et al., 2015;
Basafa and Armand, 2014) and Beckmann et al. the single centrodorsal
(Beckmann et al., 2011) location as most efficient in increasing fracture
strength.

Increasing the stiffness of the injected material in the models led to a
further increase in fracture strength. This stiffening of the material
gives a closer comparison to the stiffness expected when injecting
PMMA (2140 MPa) (Kinzl et al., 2011). When increasing the stiffness

Baseline Lateral Fig. 6. The fracture strength increase for various stiffness
) increases of the injected material for the five hip fracture
§° ~40 §0 ~40 ] /4 2 patients in SWF. Data is based on 10 ml injections in the lo-
5 S 5 S cations covered by the baseline and lateral injection site.
- 3 @ 9 Numbers next to each line represent the individual patient
2 520 2§20 e ing i i
ERe g5 0 L % 3 ranking in aBMD (Table 1). Fracture strength increase was
g f:: ?,,3 E AT T % 10 calculated by comparing the fracture strength of each model
= = = T . A
£ Y= e 0HE to the fracture strength of the same femur without injection.
0 500 1000 1500 2000 0 500 1000 1500 2000

Stiffness increase (MPa)

Stiffness increase (MPa)
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with the injection in different locations an additional increase in frac-
ture strength was observed, in some patients more than 40%. Other
computational studies showing higher strength increases use optimi-
zation strategies (Basafa et al., 2015; Varga et al., 2017), which were
not used in this study to keep the applied strategy clinically transfer-
able.

An important, remaining, unanswered question is what level of
strength increase is clinically relevant. One way to look at the required
strength increase for each individual patient is to calculate the load-to-
strength ratio, in which the strength of the femur is directly compared
to the load on the femur experienced during a sideways fall. Keaveny
and Bouxsein presented a cohort where ~6% of patients would theo-
retically be helped with an increase in fracture strength of only 5%
(Keaveny and Bouxsein, 2008). A prospective case-cohort study by
Orwoll et al. calculated an average load-to-strength ratio for fracture
cases of 1.13 suggesting that, on average, an increase of 13% in fracture
strength is sufficient (Orwoll et al., 2009). However, it needs to be
noted that there is a high range in load-to-strength ratios and many
patients are likely not helped with these relatively low strength in-
creases. In the study by Keaveny and Bouxsein, more than 50% of
subjects had a load-to-strength ratio over 1.2 and in the study by Orwoll
et al., 20% of fracture cases had a load-to-strength ratio above 1.5. This
shows that in severely osteoporotic patients hip fractures might not be
prevented by injection of the material alone.

This study presents some limitations in the proposed modeling ap-
proach. The used mesh density followed from an in-house mesh con-
vergence study and both the material mapping strategy and the failure
criterion have been previously validated against ex-vivo experiments
(Schileo et al., 2014; Taddei et al., 2007). However, the material
properties of the injected material are based on data supplied by the
manufacturer. No direct experiments have been conducted on bone
with CaS/HA adding uncertainty to the material mapping strategy for
the elements within the injection region. This study has also only
looked at the primary increase in fracture strength resulting from the
injection. Remodeling of the material and the surrounding bone has not
yet been taken into account and might be of interest for future in-
vestigations. This becomes especially relevant when the potential of the
used material to carry bone regenerating agents is taken into account
(Raina et al., 2016).

To summarize, we have shown that an injection of a biphasic bio-
material in the proximal femur is clinically feasible but our computa-
tional models predict that without proper planning of the injection lo-
cation, the increase in fracture strength will be limited. By varying the
volume, location and stiffness of the injected material one can further
increase strength substantially. The highest theoretical increase in
fracture strength for a 10 ml injection was found in the lateral part of
the femoral neck. This shows that prophylactic injections with CaS/HA
have the possibility to provide an immediate reduction in fracture risk.
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