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Prophylactic augmentation of the osteoporotic
proximal femur—mission impossible?
Peter Varga1, Ladina Hofmann-Fliri1, Michael Blauth2 and Markus Windolf1

1AO Research Institute Davos, Davos Platz, Switzerland. 2Department for Trauma Surgery, Medical University Innsbruck,
Innsbruck, Austria.

The high incidence of secondary hip fractures and the associated markedly increased mortality call for preventive

actions that could help to avoid these injuries. By providing immediate strengthening and not relying on patient

compliance, internal prophylactic augmentation of the osteoporotic proximal femur may overcome the main limitations

of systemic bone drugs and wearable protective pads. However, such a method would have to provide sufficient and

reliable strengthening effect with minimal risks and side effects to justify the need of an invasive treatment. The

requirements for an internal reinforcement approach are thus strict and include mechanical, biological, clinical, ethical

and financial criteria. Here we first attempt to describe the properties of an ideal augmentation method. Previously

published methodologies and techniques developed at our research institute, including approaches using cements,

metals, other materials or combined approaches, are then reviewed and evaluated according to these aspects.

We conclude that none of the discussed methodologies appears to be able to deliver a sufficiently high gain-versus-risk

ratio that could justify the clinical application and thus augmentation of the osteoporotic proximal femur remains a

challenge. Finally, we provide suggestions for the development and evaluation of future strategies.
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Introduction

Osteoporosis-related hip fractures are associated with severe
decrease in the quality of life1,2 and 20–35% mortality in the
following year.2,3 With closely 1.6 million patients suffering a hip
fracture every year,1,4 the related financial load on the
healthcare system is substantial and the severity of the pro-
blems is expected to increase with the growth and aging of the
population.5,6 Already 1 year after the first injury, the risk of
subsequent hip fractures is doubled and their incidence is
2–9%, increasing to 9–20% after 5 years.7–9 Mortality can be up
to three times higher following a contralateral hip fracture.7

Prevention of these injuries is therefore of high interest.10

Most osteoporotic hip fractures occur in sideways falls.11

Although fall prevention is an important field, the focus of this
review is on the event of fall, when fracture risk is, in a simplified
view, the ratio of the acting loads and the resistance of the
femur.12 Preventive strategies aim either at improving the
reduced bone strength, or at decreasing the impact load.

The state-of-the-art therapy option to improve bone
competence is the use of bone drugs. However, the treatment is
often started too late and has a delayed effect, which can be
further compromised by low patience compliance.13–15

Wearable protectors attenuate the force that reaches the

hip, but only if they are worn.16 The associated discomfort and
the relevant comorbidities, for example, incontinence, limit
patient compliance and cause inconsistency in the data on
effectiveness.17–20 Protectors could not be demonstrated to
reduce the incidence of secondary hip fractures.16 Internal
prophylactic augmentation of the osteoporotic femur may
overcome these limitations by offering an immediate
strengthening effect and excluding issues of patient com-
pliance. However, an invasive method would raise further
medical, ethical and financial questions.

Here we attempt to formulate the requirements for the ideal
prophylactic augmentation method, review and compare
previously evaluated approaches, and provide an outlook into
future possibilities.

The Ideal Internal Prophylactic Augmentation Method

The ideal approach could offer an attractive gain-versus-risk
ratio. In particular, it would provide immediate, significant
and reliable mechanical strengthening of the osteoporotic
femur with minimal invasiveness and low risk of side effects;
it would be clinically feasible and both ethically and financially
acceptable.
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Mechanical effects
The most fundamental expectation is a definite positive
strengthening effect and a consequent, significant decrease in
fracture risk, such that the injury could be avoided in the
most common low-energy fall situations.11,21,22 Quantification
of the exact requirements remains challenging. Using a bio-
mechanical approach, the subject-specific risk of fracture,
that is, load-to-strength ratio of the proximal femur can be
estimated.12,23 Bone strength can be predicted by means of
validated, computed tomography image-based finite element
analyses24,25 and accidental loads can be estimated from
patient body characteristics with dynamic models and
empirical relationships.22,26,27 Augmentation should aim at
decreasing this ratio below 1.0. Fracture load of 2000 N or below
was found to imply high risk of fracture, with the load-to-
strength ratio being as high as 2.5,23,28 or even 4.0, for the most
fragile individuals.29 Even if considering the more conservative
estimate of 2.5, up to 150% increase in the fracture load should
be reached. Nevertheless, spontaneous hip fractures can occur
in stance30 and these injuries should also be avoided. Moreover,
augmentation should withstand the low-magnitude fatigue
loading of everyday physiological activities. A general solution
for the various loading modes would be preferential. Besides
the magnitude of strengthening, its reliability is essential:
a highly reproducible outcome should be achieved, which
could ensure predictable outcome for any patient at risk.
An immediate, but sustainable effect would be desirable.

Risks and side effects
Augmentation should be achieved without weakening other
relevant regions of the femur, or extensively increasing the local
mechanical properties with abrupt transitions between stiff and
soft regions, which may act as stress risers. These, analogous
to the problem of periprosthetic fractures,31 may shift the
location of the fracture, but not prevent its occurrence.
With osteoporosis being a systemic disease, local over-
strengthening of a single skeletal unit may increase the risk of
fracturing adjacent structures. Alteration of the internal stress
distribution could cause stress shielding, that is, bone
resorption adjacent to the reinforced domain, which should be
minimized.

Any deleterious chemical, thermal or biological consequence
should be avoided, such that viability of bone tissue could be
sustained. Invasiveness should be minimal, so that the risk of
infection and other potential complications, for example, fat
embolism, or the level and duration of pain, could be decreased.
Quick recovery following the surgery should help to minimize
the duration of hospital stay and the associated negative
physical (for example, sarcopenia) and psychological
consequences.

Clinical, ethical and financial considerations
Prophylactic augmentation should be accomplished using a
fast, straightforward and reproducible surgical technique.
Reasonable revision surgery options of a reinforced, but still
fractured bone should be available. A removable solution would
thus be advantageous.

Assuming that the optimal approach is found, it would still not
be straightforward to decide whom to treat. Identification of
patients at high risk of secondary hip fractures remains

challenging10 and the decision about the treatment would
depend also on other factors related to general health condition.

Invasive treatment of a not-yet fractured bone may raise
ethical concerns. Acceptance would rely on the effectiveness,
reliability and level of invasiveness of the method, as well as on
the probability and severity of side effects. Not only the patients,
but also the healthcare system and the insurance companies
would demand a clear justification of the prophylactic
procedure, such that the financial coverage could be
secured. Cost-effectiveness of the intervention should be
demonstrated, with the expenses being the used materials and
surgery time, as well as the treatment of any potential side
effects; although the gain would be the treatment expenses,
hospitalization and consequential costs saved by avoiding the
fracture.

Some of these restrictions could be eliminated or mitigated if
prophylactic augmentation of the contralateral femur would be
applied directly after the first fragility hip fracture: the patients
would be aware of the consequences of the injury and thus be
more compliant to receive the treatment; the intervention could
be completed within the frame of the osteosynthesis surgery;
the required health conditions would be available; and the
additional costs, efforts and load on the patient (for example,
anesthesia) could be minimized.

Where Do We Stand?

In the past decade, several groups presented various
prophylactic augmentation approaches for the osteoporotic
proximal femur and evaluated these by means of experimental
biomechanical testing. The previously published methods are
reviewed below and complemented with the non-published
techniques developed and assessed at our research institute.
The design and outcomes of the most relevant studies are
summarized in Table 1.

Femoroplasty—cement augmentation
In analogy to the previous successful percutaneous injection of
poly(methyl methacrylate) (PMMA) cement into fractured or
osteoporotic vertebral bodies, that is, vertebroplasty,32,33 Heini
et al.34 were the first ones to demonstrate the feasibility of bone
cement augmentation of osteoporotic proximal femora and
introduced the term ‘femoroplasty’.

Mechanical effects. The first femoroplasty study filled the
proximal femur with 28–40 ml PMMA and achieved a significant
increase in both fracture load (Ffx: 82%) and energy (Efx: 188%)
compared with the non-augmented controls.34 Note that the
quantities provided here are only average values; more details
can be found in Table 1. De Bakker found 24% and 84%
increases in fracture load and energy, respectively, using 50 ml
cement.35 To avoid the excessive temperature increase during
the polymerization of PMMA, a composite cement that
generated less heat was used by Beckmann et al.36 They
reported significant strengthening (Ffx: 43%, Efx: 187%) using
40 ml cement and demonstrated the feasibility of a revision
surgery. Similar augmentation effect (Ffx: 37%, Efx: 154%) was
observed by Sutter et al.37

However, the biological risks related to the large cement
volumes were realized. Thus, following the previously described
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‘first-generation’ studies, in ‘second-generation’ work, the
volume of the cement was largely reduced and its optimal
location within the proximal femur was sought. Reinforcing
the superior femoral neck cortex using 9–10 ml PMMA lead
to statistically significant increase in strength (23%), but
decreased energy to failure (� 27%)38 and thus had an adverse
effect (Figure 1a). Low modulus cement reduced bone
stiffness, but not strength, compared with conventional cement
when augmenting the inferior neck cortex39 (Figure 1c). Sutter
et al.40 found no significant mechanical effect of 15 ml PMMA
injected either in the femoral neck or intertrochanteric region.
However, significant strengthening (Ffx: 35%, Efx: 165%) could
be reached in another study using 12 ml PMMA.41 Moreover,
cement location was demonstrated to be highly influential: the
most successful locations were ‘single central’ and ‘single
centrodorsal’, whereas ‘double craniocaudal’ caused slight
weakening, probably due to the required additional drill hole.
Notably, for the best location, the magnitude of strengthening

was similar to what the same authors found in their previous
study using three times as much cement.36 Injecting two PMMA
clouds in a diverging V-shape adjacent to the inferior and
superior femoral neck cortices provided significant increase in
fracture energy (124%), but not load.42 The single insertion hole
and the different loading rates may explain the contrast to the
outcome of the similar ‘double craniocaudal’ approach of
Beckmann et al.41 Springorum et al.43 could reproduce the
strengthening results of the ‘single centrodorsal’ technique. In
contrast to the ‘first-generation’ femoroplasty studies, none of
the ‘second-generation’ works reported significant changes in
the fracture pattern or location due to cement augmentation.
Bone stiffness was not affected significantly, either.

Already, Sutter et al.40 suggested to use computer models to
improve femoroplasty. Basafa et al.44 utilized a computational
pre-planning method to identify the subject-specific optimal
cement locations,45 which, in line with previous experimental
observation of others,46 was close to the neck cortex.

Figure 1 X-ray based illustration of the unpublished augmentation approaches co-developed and evaluated at our research institute. (a) Cement augmentation of the superior
neck cortex using 9–10 ml PMMA (Vertecem, Synthes, Switzerland) and (b) cannulated dynamic hip screw (diameter of 7.3 mm, length of 95 mm) with 3 ml cement at the tip,
augmenting the inferior neck cortex; both strategies presented by Zwicky.38 (c) PMMA augmentation of the inferior neck cortex using 9–10 ml bone cement by Roffler,39 comparing
conventional (Vertecem, Synthes) and N-methyl-pyrrolidone (NMP)-modified (low modulus) cements (N¼ 5) in a free fall test setup. (d) V-shape metal implant consisting of two,
5 mm diameter cannulated screws aligned along the superior and inferior neck cortices, respectively, connected laterally with a custom 2-hole plate and augmented at the tip with
1 ml cement (Traumacem Vþ , Synthes) per screw; developed by Widmer et al. (unpublished study).
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By injecting 9.5 ml cement with a robotic device to the planned
areas, they achieved 30% and 94% increases in maximum load
and energy, respectively. Using a numerical algorithm based
on bone remodeling, Varga et al.47 identified the optimal
augmentation strategy as the establishment of a compression
bridge, spanning between the femoral head and the greater
trochanter, integrating the superior neck cortex.

Only a few studies have investigated the effect of
femoroplasty on bone strength in stance. Heini et al.34 reported
significant increase in fracture load (21%) and energy (48%)
with B35 ml cement. Using the V-shape cementing technique
introduced by Fliri et al.42 and 11–15 ml PMMA, Raas et al.48

found no significant improvement in either fracture load or
energy. Strauss et al.49 showed that calcium phosphate cement
augmentation of the hip screw hole can increase bone strength
compared to the non-filled defect.

In summary, these studies have demonstrated that injection
of 10–15 ml cement can provide, on average, 30–40% increase
in fracture load and 120–150% increase in fracture energy
in sideways fall test setups. The gain in stance is smaller.
Further analysis of the data43,44 suggests that the effect of
reinforcement is related to the non-augmented bone properties:

weaker femora, that is, the real target group, experience larger
strengthening than stronger ones (Figures 2a and b).
Nevertheless, the biggest obstacle on the path to clinical
application must probably be seen in the considerable scatter of
the data. This indicates that predictability and reliability of the
strengthening effect are rather moderate; however, these
are critical requirements. The difficulty of controlling cement
location in very osteoporotic bones may contribute to these
results. Finite element simulation was found to moderately
predict the augmented yield load.44

Risks and side effects. Polymerization of PMMA is an exothermic
reaction. The generated heat depends on the used volume.34,48

Injection of 40–50 ml cement can cause 15–30 1C temperature
increase on the bone surface34,35 and could induce bone
necrosis, occurring already when exposing the tissue to
45–50 1C longer than 10 min.50 However, it has not been shown
clinically if thermal damage would indeed occur due to the
injection of this large amount of cement into the proximal femur.
Reducing the cement volume to 11–15 ml can decrease the
temperature change below 10 1C, which may rather be
acceptable.40,48

Figure 2 Summary of the results of one ‘first-generation’34 and two ‘second-generation’43,44 femoroplasty studies. The increase in fracture load (a) and energy (b) depends on
the properties of the contralateral non-augmented (control) femur, with weaker bones experiencing larger strengthening. Fracture risk of the control femora, estimated using the
approximated load-to-strength ratio versus strength relationships published by Keaveny & Bouxsein23 (c), or by Roberts et al.29 (d), is shown as broken black lines. From this ratio,
the magnitude of the accidental load can be estimated and used to compute the approximate load-to-strength ratio of the contralateral augmented bone (data points). A value larger
than 1.0 indicates that strengthening was not sufficient and the augmented bone would probably still fracture in a low-energy sideways fall accident. Note that Heini et al. used
quasi-static loading, the dynamic strength values are expected to be higher.
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Different cement compositions can lead to similarly moderate
temperatures.36 Furthermore, cell necrosis may be caused by
the interruption of the blood supply (avascular), the induced
pressure (mechanical) or the unreacted monomer (chemical).
The injection process can increase the risk of fat embolism.51

Although being a minimally invasive technique, femoroplasty
still carries a relevant risk of infection. An allergic reaction due
to the applied bone cement material cannot be excluded.
Nevertheless, a recent study demonstrated the clinical
feasibility of femoroplasty treatment of metastases patients
using 5–10 ml cement, leading to few complications and
significantly improved life quality.52

Strengthening the femur has not yet been demonstrated to
affect the risk of acetabular fractures. Increase in stiffness may
change the function of the hip joint; induce pain, arthrosis or
other complications. The mechanobiological effects of cement
augmentation under physiological conditions are unknown,
stress shielding or altered remodeling cannot be excluded. The
extent and relevance of these effects for the target population
needs to be examined.

Clinical, ethical and financial considerations. Femoroplasty
requires a minimally invasive, relatively straightforward and fast
surgical procedure that has an immediate effect. However,
as cement location affects the resulting strengthening,41 careful
surgical planning and execution would be needed. The
individualized design and robotic execution presented by
Basafa et al.44,45 may ensure optimized, predictable and
reproducible results; however, may not be generally available.
Rather straightforward instructions on the injection location
may be advantageous.41 Revision surgery of a cemented, but
still fractured proximal femur may be challenging, in particular,
drilling of the cement and the related heat generation.36

Other non-metallic materials and combinations
Composites of a carbon sleeve and bone cement were
investigated by de Bakker.35 A simple combination slightly
decreased fracture load and increased fracture energy on a
single femur pair. With the sleeve-cement compound pushed
towards the neck cortex using an inflatable balloon,
non-significant increases in fracture load (21%) and energy
(71%) were reached.35

Y-Strut, consisting of two perforated, interlocking peek rods
connected to each other and to the surrounding bone via PMMA
cement injection led to significant improvement in fracture load
(19%) and energy (38%), and was claimed to reduce fracture
displacement.53

Elastomer augmentation was shown to reposition and
stabilize the bone fragments following a proximal femur
fracture, with the potential of avoiding surgical fixation and
using conservative treatment.54,55 Although the used injectable
silicon rubber cures without heat generation and ensures
straightforward revision surgery,56 it weakened the femur,
potentially also due to the lateral entrance hole.54

Bioactive screw fixation, that is, a hydroxyapatite-containing
bioresorbable implant, was evaluated on composite femora
and provided significant increase (12%) in fracture load, which
was however significantly lower than the augmentation effect of
cement.57

Metal-based augmentation approaches
Taking the still limited mechanical competence of the available
injectable polymeric biomaterials into account, it appears
reasonable to utilize the strength of metals or combine both
materials. Indeed, femoral nails have been used as prophylactic
devices in specific conditions, where bone strength is severely
diminished, for example, following bone graft harvesting by
means of reaming, for the contralateral side of atypically
fractured femora and for metastatic bones.58,59

Preliminary results on trochanteric gamma nail augmentation
of a single femur loaded in sideways fall configuration showed
large increase in fracture energy (163%, single sample), but not
in the force, and shifted the fracture towards the head.35 This
outcome was surprising, as a finite element model in the same
study predicted much larger (84%) increase in strength. These
indicate that, although prophylactic nailing may be predicted by
finite element analysis to deliver large strengthening effect in
sideways fall,60 experimental justification is required. Here the
point when the bone fails would have to be identified and
separated from the failure of the entire structure including the
metal implant. In metastatic femora and stance loading, the
addition of a nail implant did not increase the strengthening
effect significantly compared with cement only.46 Nevertheless,
the acceptance of prophylactic nailing of osteoporosis patients
is improbable due to its high invasiveness.

Several other, less invasive techniques have been evaluated.
A cannulated dynamic hip screw inserted close to the inferior
neck cortex and augmented with 3 ml PMMA cement at the tip
caused non-significant decrease in all mechanical properties38

(Figure 1b). Widmer et al. developed a V-shape metal implant
system consisting of two cannulated locking screws
augmented with 1 ml cement and connected laterally with a
custom 2-hole lateral plate (Figure 1d). Using this construct,
non-significant increase in the fracture load (27%) and
significant improvement in fracture energy (38%) could be
achieved, but the caused fractures were more severe
(unpublished study). A steel spiral significantly increased
fracture load (32%) and energy (57%), that were not different
from the results of cement injection, but reduced fracture
displacement.43 The authors emphasized further advantages of
this method, such as minimal invasiveness, avoidance of the
cement-related complications; simplicity, reproducibility of the
procedure and the ease of revision surgery. Application of a
proximal femoral blade augmentation led to significant
reduction in strength (7%) and a 10% decrease in fracture
energy in single leg stance loading.48 The missing lateral
anchorage was suggested to be the reason for these results.
However, based on the observations explained above, adding
the nail component of the implant is not expected to improve the
results, probably due to local stress rising effects.

Clinically applied methods
Femoroplasty has been used to treat bone metastases.52 With
respect to prophylactic augmentation of osteoporotic femora,
to the knowledge of the authors, there are two approaches
already in the human clinical trial phase. The ‘prevention nail
system’ is a hydroxyapatite coated, cannulated titanium screw,
introduced by Giannini et al.61 A prospective randomized
clinical trial involving 67 patients reported no second hip
fractures in either the treated or in the control group; however,
controls had fewer falls. Although the clinical feasibility of the
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technique was demonstrated, the study was not conclusive
about the biomechanical effectiveness. The other method is the
above described Y-Strut, which was briefly stated to be in a
clinical trial; however, no further details were provided.53

Summary and Conclusions

With the expected increase of osteoporotic hip fractures and
the accompanying potentially devastating consequences,
a clear need to avoid these injuries is apparent. Internal pro-
phylactic reinforcement of femora at risk is appealing as it may
offer an immediate and permanent effect. On the other hand,
surgical intervention on an intact bone with the known side
effects of operative treatment is questionable both medically
and ethically. A first step to evaluate the feasibility of such an
approach is an in vitro validation of benefits and risks to draw a
concise picture of the concept.

When evaluating mechanical effectiveness, previous
femoroplasty studies focused on the average increase in
fracture load and energy. However, in most studies, these
results depended on the properties of the non-augmented
(control) femora (Figures 2a and b). Moreover, the aimed effect
was usually not exactly defined. Using the estimated load-to-
strength ratio, which also exhibits strength dependence,23,29

the individual fracture risk of augmented bones can be
approximated (Figures 2c and d). As a result, it becomes
apparent that the ‘second-generation’ femoroplasty approa-
ches may not be able to sufficiently strengthen the most
osteoporotic femora. The strength of conventional PMMA
bone cement appears insufficient to provide the wished
augmentation effect when using reasonable amounts that may
not cause biological harm. However, a critical limit has not been
quantified yet.

The other extreme is the application of stiff and strong metal
implants such as nails and screws. With the considerable
mismatch in the mechanical properties of bone and metals,
these devices can act as stress risers and may even decrease
bone strength, increase severity of the fracture or only shift its
location. There may be a relevant risk of cut-out under repetitive
physiological loading. A metal spiral is an example of using a
stiff material in a compliant construct and, while offering other
advantages, allowed bone tissue to deform till failure and thus
could not ensure larger strengthening than cements. The same
was true for alternative solutions utilizing other injectable
materials or combinations.

However, not only the magnitude of strengthening may be
problematic. Previous studies are consistent in showing
considerable variation of the results that can be unrelated
to the original bone strength (Figures 2a and b), but may
depend on surgical execution, implant placement, or other
factors. Reliability and reproducibility of the augmentation
effect are hence questionable. Further, none of the previous
studies has investigated if strengthening of the proximal femur
would lead to distal femoral or acetabular fractures. Although
medical, ethical and financial criteria would also have to be met,
these data indicate that not even the mechanical, that is, most
fundamental criterion may be satisfied at the moment. Even
though some prophylactic augmentation approaches have
been reported to be already in a clinical trial phase, we believe
that, to date, no sufficiently advantageous method exists,
clinical use of which could be justified.

Outlook

Given the expected increase of the clinical problem and the
limitations of previous methods, there is a clear need for
novel approaches. New materials or combinations of the
advantageous properties of different materials may be utilized.
A change in the overall strategy may be made, that is,
prophylactic augmentation can be seen as a temporary solution
that can supplement medical therapy by bridging the time until
another, for example, drug treatment takes effect.48 Injected
materials could carry drugs for targeted local release.

Whatever the solution will be, the way to clinical application
and acceptance is still long and thorough investigations are
needed before this step. The previously demonstrated potential
of computer simulations24 should be utilized to better under-
stand the fracture mechanism,62,63 and, by allowing parametric
analysis of geometries and material properties, assist and
expedite the development process of new augmentation
approaches.44,46,47 Realistic64 and standardized experimental
evaluation techniques should be used to confirm the predicted
biomechanical effectiveness, reproducibility and reliability. The
concept of load-to-strength ratio should be used to evaluate
the subject-specific efficacy of the different augmentation
strategies (Figures 2c and d). However, the concept would
require further refinement such that its accuracy could be
increased. Especially, the estimation of the direction and
magnitude of the loads reaching the femur should be improved.
Computer models are expected to provide further insights also
in this respect.65 Investigation of multiple loading cases may be
required to find the worst case scenario. Population-based
analyses may be needed to assess the general effectiveness.
The probability of causing acetabulum of shaft fractures must
be investigated. Biological effects of the mechanically most
promising approaches should be evaluated first in appropriate
animal models.66 Finally, all these being successful and an
approach entering the clinical phase, the subject-specific
gain-versus-risk ratio should be assessed. There may be no
generally applicable method that would work for all patients of
the target group.
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