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1 Abstract 

The incidence of osteoporotic fractures will drastically increase in the future as a result of 

the worldwide demographic change. New challenges for the health care system include 

not only the rising number of elderly fracture patients requiring surgical treatment, but 

also the increasing complexity of the single intervention. Post-op mechanical 

complications occur due to diminished bone mass rendering fracture stabilization 

considerably difficult. New treatment strategies are needed to encounter these 

developments. 

Within the scope of this thesis, a 3-step approach for osteoporotic fracture management 

is evaluated from a biomechanical perspective in 20 individual experimental studies. The 

approach involves:  

1. A novel concept for intra-operative assessment of bone strength as potentially

important parameter for surgical decision making.

2. A novel design of bone fixation elements, optimized for enhanced anchorage in

diminished bone mass: the helical blade.

3. Application of bone cement at the implant-bone interface for additional

reinforcement of the implant purchase.

Performance of a bone-strength measuring device was experimentally investigated at the 

hip, in spine and at the hind-foot. The device involves insertion of a probe into cancellous 

bone and measurement of the trabeculae's breakaway torque by turning the probe. 

Measured values correlated significantly with the mechanical fatigue performance of the 

bone-implant construct. The device output could be used e.g. for decisions on application 

of bone cement or on a specific implant.  

With regard to implant design, the performance of a helical blade for use in osteoporotic 

bone was experimentally evaluated. At the proximal femur, at the hind-foot and at the 

proximal humerus, the blade revealed a statistically significant but rather moderate 

biomechanical advantage over threated bone screws. It was believed that the 

improvement may result from cancellous bone compaction while inserting the blade. 

However, further studies suggested that, contrary to common thinking, compaction does 

not contribute to enhanced mechanical anchorage of the fixation device. 
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From these experiences, it was hypothesized that in severely porotic bone, the potential 

of conventional metallic implants is exploited. The additional strategy of implant 

augmentation with bone cement was biomechanically investigated in several anatomical 

key-regions: the proximal femur, the proximal tibia, the hind-foot and the proximal 

humerus. The experiments revealed a significant potential to enhance fracture fixation in 

porotic bone, but also suggest that cement augmentation cannot be applied as a routine 

concept. Potential risk factors associated with cement application, such as generation of 

heat and pressure, were experimentally judged to draw a comprehensive picture of the 

concept to increase confidence for clinical use.  
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2 Introduction 

2.1 Osteoporosis 

Bone breaks when overloaded. On the one hand, fracturing can occur from high energy 

impact exceeding the mechanical competence of a healthy bone structure. On the other 

hand, even low amounts of energy could lead to fracturing if bone mechanics are 

compromised (Figure 1) [24]. Osteoporosis describes pathological loss of bone mass and 

thereby gradual weakening of the skeletal structure. It is one of today's most threatening 

health issues because of its silent and progressive nature with subliminal dangers such as 

absence of directly sensible symptoms before devastating events like fracturing of the 

bone occur. Formerly, osteoporosis was regarded as unpreventable effect of aging. 

Recently, this perception has changed. A first clinical definition was stated in 1991: "A 

disease characterized by low bone mass and micro-architectural deterioration of bone 

tissue, leading to enhanced bone fragility and a consequent increase in fracture risk." [1]. 

Since, osteoporosis is recognized as established disease causing annually approx. 9 million 

fractures worldwide [3]. The likelihood for an individual suffering from a hip, wrist or 

vertebral fracture during lifetime has been estimated to 30-40% [3]. Women are more 

affected by osteoporosis particularly after the menopause [2], but generally the fracture 

risk increases with age with disregard to gender (Figure 1) [24]. In 2006, Court-Brown et 

al. analysed a cohort of almost 6'000 fracture patients and stated that 30% of all fractures 

in men and 66% in women could be attributed to osteoporosis [24]. In particular for the 

elderly a fracture can have life-threatening consequences especially if mobility and 

independency are significantly compromised. The disability-adjusted life years measure 

(DALYs) quantifies the burden of a disease by accounting the lost years, be it due to early 

death or disability during lifetime. For osteoporosis in Europe this number yields to 

approx. 2 million years, which is below Alzheimer's disease (~3 million years) but higher 

than Asthma (1.3 million years) or Migraine (1.2 million years). In Europe osteoporotic 

fractures account to approx. 1.7% of all DALYs attributable to non-communicable diseases 

[3]. Demographic aging of the planet's population will lead to considerable upwards 

adjustment of this number in the near future. Consequently, the WHO "sees the need for 
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a global strategy for prevention and control of osteoporosis focusing on three major 

functions; prevention, management and surveillance” [33]. 

Figure 1: Incidence of bone fractures with regard to age and gender. An increasing fracture incidence with age 

becomes obvious. Fractures on the left half of the diagram can be attributed to high-energy impact, whereas 

fractures on the right are predominantly due to weakened bone structure from osteoporosis. Reprinted from Injury 

37, Court-Brown CM, Caesar B, Epidemiology of adult fractures: A review, p. 691-697, Copyright (2006) with 

permission from Elsevier [24]. 

2.2 Management of osteoporotic fractures 

This work focuses on the management of fragility fractures. In 1958 the AO (Association 

for Osteosynthesis, Davos, Switzerland) defined four principles of fracture care, namely 

anatomical fracture reduction, stable fixation, preservation of blood supply and 

early/active mobilization of the patient [49]. These guidelines suggest the employment of 

the, in those days, revolutionary concept of internal (operative) fracture fixation using 

stabilizing implants [25,43]. The idea evolved to today's standard of care for complex 

fractures. However, in the face of osteoporosis fracture fixation with metallic implants 

often reaches its limits indicated by postoperative complications and revision surgeries. 

For example, mechanical complications after treating a proximal femur fracture with a 

dynamic hip screw yield about 12% in the elderly [26]. Complications at the proximal 

humerus are even more pronounced [21,54,61,62,67]. However, a non-functional 

shoulder does not necessarily lead to a complete loss of independency. An injured hip 

does. A mortality rate of 56% within one year is reported after refixation of a revised 

osteosynthesis (dynamic hip screw as primary treatment) [51]. To prevent complications, 

physicians sometimes tend to defensive after-care. Fixations may remain intact because 

of absent weight bearing, but a period of confinement in bed means consequently 
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immobilization, which is likely to lead to loss of vitality and all too often results in death. 

Regardless whether a complication after surgical treatment occurred, more than 20% of 

the geriatric hip fracture patients die within the first year after injury [37]. Therefore, not 

only severe postoperative complications should be emphasised, but also such cases 

should be kept in focus, which are not assessed in the failure statistics. Technical 

advancements could help to improve fixation competence and at the same time 

accelerate patient mobilization to reduce comorbidities. 

Technically speaking, mechanical fixation failures in metaphyseal bone regions such as 

the proximal femur or proximal humerus occur due to loss of implant purchase within the 

cancellous bone. Osteoporosis diminishes the anchorage of fixation means by 

compromising the bony microarchitecture. In cancellous bone the disease is characterized 

by degradation of the trabecular structure in terms of number and size of trabeculae. 

Thereby, stress to be borne by the single bone-"pillar" is increased. Recurrent loading by 

physiological forces promotes crack propagation leading to fatigue of the load-bearing 

structure. First, implants lose their anchorage on a micro-level by failure of the 

surrounding trabeculae and then start to migrate through the bone. In consequence, 

repair constructs collapse on a macro-scale and surgical revision is indicated.  

2.3 Objective of the work 

A comprehensive strategy for osteoporotic fracture management is needed, aiming at 

confident fracture fixation and fast mobilization. To improve management of 

osteoporotic fractures, the AO Foundation has launched the clinical priority program 

"Fracture Fixation in Osteoporotic Bone" in 2006. Since then, a variety of efforts has been 

undertaken in the fields of research and development, which represents the framework 

for this thesis. The distinction of the following five steps within the chain of surgical 

treatment appeared reasonable to streamline the work [74]:  

1. Surgical decision making. The degree of osteoporosis remains often undetermined

until a fracture occurs. When starting a surgical intervention, a decision for the

appropriate treatment is required. Objective intraoperative quantification of, for

example, the individual bone strength may be of high value in the future [65].
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2. Implant positioning. After a decision for a specific implant or technique has been

taken, the importance of accurate placement of the fixation hardware within the

anatomical surrounding is undisputed, particularly in porotic bone [11,77].

3. Fracture stabilization. Besides implant placement, another crucial factor influencing

the outcome of the surgery is the actual implant design determining the fixation

stability [73].

4. Fixation reinforcement. In highly osteoporotic cases, where conventional metal

implants run into limits, the concept of bone cement augmentation provides an

alternative. After having the implant in place, injectable biomaterials (bone cements)

can be added in addition to the implant to reinforce the fixation [58,68].

5. Healing. After completing the surgery, uneventful bone healing is important to avoid

(late) complications. The faster the load-bearing function of the bone is restored, the

earlier the stabilizing function of the implant becomes obsolete [23,28,76].

This thesis covers specific aspects of the mentioned scheme (steps 1, 3 and 4). A new 

concept to assess local bone strength intra-operatively for surgical decision making is 

experimentally validated (see chapter 3). A new design for anchoring elements (helical 

blade) and its aspects with regard to purchase in cancellous bone is evaluated (see 

chapter 4). Finally, the concept of reinforcement by means of bone cement injection is 

elaborated and tested within several applications in vitro. Risk factors are investigated 

and objectified (see chapter 5). 20 sub-studies have been published in clinical peer-

reviewed journals to provide the results to the medical community. The experiments in 

their entirety shall draw a comprehensive picture in order to promote and justify the use 

of the proposed techniques and enhancements for osteoporotic fracture management in 

clinics. 

3 Surgical decision making – The DensiProbe concept 

Taking decisions in surgery is a key task determining the operational outcome. Typical 

decisions in osteoporotic fracture management involve the choice for performing joint 

replacement or in favour of an osteosynthesis to preserve bone and joint. If the latter is 

the preferred option, the question for the appropriate implant arises (see chapter 4) and, 
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finally, a decision in favour or against the additional use of bone cement has to be taken 

(see chapter 5). Surgical decision making involves considering patient history, physical and 

mental ability of the patient, fracture type, quality of reduction, vascularity of the bone 

and cartilage, condition of surrounding soft-tissues, implant position [11] and, finally, the 

mechanical bone competence depending on structural and material properties of bone 

[5,31].  

All too often, decisions are based on subjective opinions related to the experience of the 

operator. For example, in current clinical practice the bone quality is estimated based on 

haptic feedback, such as felt resistance when turning a screwdriver or while drilling. 

These soft facts are critical decision criteria and may lead to wrong conclusions as 

reflected by persistent high mechanical failure rates [21,26]. A method for quantification 

of the individual bone competence could be one important aspect to objectify decision 

making in osteoporotic fracture management.  

Today's only accepted and standardized technology to clinically quantify bone "quality" is 

Dual-Energy X-ray Absorptiometry (DXA), which measures areal bone mineral density 

(aBMD) [17,48]. DXA includes reference data for estimating the degree of osteoporosis in 

comparison to the healthy population. DXA is image based. A summation image is 

generated from two distinct X-ray beams with different intensities. Since areal BMD 

represents an integral parameter of both, cortical and cancellous bone, it "only" predicts 

66–74% of a bone’s biomechanical competence [44]. Further limitations are poor 

repeatability and artifacts due to surrounding soft tissues. DXA is not routinely used pre- 

or intra-operatively and is only available for specific skeletal regions [10]. Another 

important issue is a discrepancy between drug treatment-induced changes in aBMD and 

fracture incidence [30]. Watts et al. [72] reported that only 12% of bisphosphonate-

induced fracture risk reduction is explained by the associated increase in areal BMD, 

while the remaining effects occur at the level of the bone’s microarchitecture. 

3.1 Local bone strength assessment 

To reliably estimate the mechanical competence of an individual bone, it hence seems 

preferable to directly assess the trabecular mechanics rather than analyzing image 

representations. Intuitively, it appears important to focus the analysis on the region of 

interest where the implant is placed and the failure is expected. Moreover, such 
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measurement should be performed in a fast and efficient way, ideally intra-operatively, 

without the need for highly frequented imaging devices. 

In 2006 a concept was proposed (DensiProbeTM), which relates to mechanically measuring 

the ultimate strength of a confined bone volume within the trabecular structure before 

an implant is inserted [57]. To avoid additional weakening of the bone (as result of the 

measurement procedure), the measured volume should be restricted to the volume 

which will anyway be replaced by the implant. Technically it became apparent that the 

preferred measurement principle is rotation of a rotation-symmetric probe equipped with 

radial wings until breakaway of the trabecular bone [27]. It was assumed that surgeons 

are better used to turning instruments like screwdrivers rather than pushing them. 

Furthermore, from a security point of view pushing an instrument into weak bone implies 

the risk of penetrating into sensitive structures like joint spaces.  

The device is designed as a handheld surgical instrument comprising 1) a measurement 

probe, which is temporarily inserted into a target bone and 2) a handle with torque 

measurement functionality (Figure 2). By turning the instrument about 1/3 of a turn the 

peak torque is registered. Indicated at the handle, the surgeon directly receives an 

objective feedback regarding bone quality. The procedure can be embedded into existing 

clinical workflows as additional step and, hence, requires only minimal additional time. 

As part of this thesis, feasibility of the idea was proven in three biomechanical 

experiments on human cadaveric cancellous bone at anatomical key-regions. Starting at 

the proximal femur, the prototype device was used to measure cancellous bone strength 

in the femoral head prior to insertion of a Dynamic Hip Screw (DepuySynthes Inc.). 

Measurements correlated significantly with the biomechanical performance of the 

specimens under cyclic physiological loading (Appx. C, p15) [65]. The scope of the concept 

was extended to application in spine (pedicle screws) (Appx. C, p5) [27], to the hind-foot 

(arthrodesis) (Appx. C, p9) [41] and to the shoulder (Appx. C, p11) [20,55]. All experiments 

drew a consistent picture of a clear interdependency of measured breakaway torque and 

fatigue behaviour at the screw-bone interface. These findings were interpreted as proof 

of concept and justified the conduction of clinical trials.  

The two prototype systems for the proximal femur (Dynamic Hip Screw, DepuySynthes 

Inc.) and for spine (pedicel screw insertion) were certified for clinical use. A clinical 
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handling test on 10 hip fracture patients revealed feasible handling without adverse 

events related to the use of the device (Figure 2). Additional surgery time accounted for 

2.2% of the total time of surgery [63]. Subsequently, a multi-center trial was initiated. 

Data evaluation is still ongoing, but results of a sub-group of 43 hip fracture patients have 

been recently published [50]. Peak torque and aBMD (DXA) showed a significant 

correlation (r = 0.6, p < 0.001). However, within a follow-up period of 12 weeks, no severe 

mechanical complications were observed. The final proof of the prediction capability of 

the device is, thus, still pending. 

Figure 2: Intraoperative bone strength assessment during Dynamic Hip Screw (DepuySynthes Inc.) insertion in a 

clinical handling test. Springer and Arch Orthop Trauma Surg, 128, 2008, p. 613-620, Quantification of bone strength 

by intraoperative torque measurement: a technical note. Suhm N, Haenni M, Schwyn R, Hirschmann M, Muller AM, 

Fig. 5a, © Springer-Verlag Berlin Heidelberg 2008, with kind permission from Springer Science and Business Media 

[64]. 

In spine, 30 patients were examined on 69 vertebral levels undergoing pedicel screw 

placement. Again, clinical handling appeared feasible with additional surgery time of 

1.7min per level. No major intraoperative complications were observed. The recorded 

peak torque correlated significantly with aBMD (DXA) at the lumbar spine (r = 0.59, p = 

0.02). Again, during a follow-up period of 1 year no mechanical complications were 

observed, which does not permit a conclusion regarding predication capabilities of the 

concept [53]. 



P a g e  | 8 

3.2 Conclusion 

The work as published on paper (Appx. C, p5, p9, p11, p15) can be summarized as follows: 

Surgical decision making is particularly difficult in osteoporotic fracture management. An 

objective measure of the individual bone quality is believed to be essentially important to 

take adequate actions for uneventful healing. In the scope of this thesis, a recently 

introduced concept for intra-operative assessment of bone strength was experimentally 

tested at the proximal femur, in spine and at the hind-foot. In the laboratory, the device 

delivered relevant data in terms of fatigue failure prediction of cancellous bone. However, 

final proof of concept in a clinical setting is still pending. 

4 Fracture stabilization – The helical blade concept 

After a decision has been made to perform an osteosynthesis with a specific implant, an 

important factor determining the surgical outcome is the design of the implant itself. 

Despite the primary function of implants, which is stabilizing bone fragments against 

physiological loading, the fixation hardware needs to respect a variety of aspects: The 

implant should minimize additional biological disturbances such as soft tissue damage; 

must respect the specific anatomical surroundings; should not hinder the blood supply; 

should promote anatomical reduction of the fracture; should respect morphological size, 

shape and bone mass variations; must be biologically compatible and should be 

removable after fracture consolidation. Mechanically, an implant needs to install the 

appropriate mechanical environment to promote bone healing [76] and, particularly in 

porotic bone, must provide both, suitable primary stability to prevent overloading, and 

adequate stability under cyclic loading to avoid fatigue failure of the anchoring material.  

These aspects render the implant design process complex. An important technological 

advancement was the translation of the concept of external fracture fixation with the 

fixateur externe from outside the human body towards application underneath the skin. 

Angular stability of screws in internal fixation was introduced, which describes locking of 

the screw-head in the plate body just like Schanz-screws are rigidly connected to the bars 

of an external fixator [66]. This concept allows elevation of a bridging plate from the bone 

surface to prevent compression of the periosteum and, at the same time, improves the 

accuracy of fracture reduction, because fragments are not pulled against the plate when 
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tightening the screws [45]. In terms of mechanics, angular stable fixation has been 

extensively studied, but its performance is discussed controversially [52,56,71]. 

Considering that most catastrophic failures after fracture fixation happen at the bone-

screw interface [26] and both, angular-stable as well as conventional fixation almost 

exclusively employ screws as fixing elements, the attention should probably be drawn 

away from the screw-plate connection, towards the point where the failure occurs, the 

screw-thread. 

4.1 Helical blade mechanics 

Screw-like fixation elements equipped with threads are still the predominant solution in 

today's fracture care, even though fixation failures persist particularly in elderly patients. 

The idea arose to use helically shaped blades instead of screws [18] to improve the 

interface between bone and fixation device. Helical blades distinguish from screws by a 

multitude of "wings" advancing spirally along an axis with a significantly larger pitch 

(Figure 3). Thus, helical blades cannot be screwed into the bone but are inserted 

dynamically by hammer blows. One major advantage is an increased resistance against 

rotation, rendering an additional anti-rotation screw obsolete. Blade implants are, hence, 

promoted as "anti-rotation" devices by the industry (e.g. PFNA, DepuySynthes Inc., 

Bettlach, Switzerland). On the other hand, care should be taken when implanting a blade 

into hard bone stock. The dynamic insertion procedure may lead to loss of reduction [73] 

or could even split the bone. It was hypothesized that blade implants may be beneficial in 

porotic bone stock due to 1) compaction of cancellous bone during insertion, 2) increased 

implant surface for reducing bone stress, and 3) reduction of notching effects from sharp 

edges as present with screw-threads [73].  

Figure 3: Tip of a helical blade implant (DHS Blade, DepuySynthes Inc.) with four blades spirally advancing along the 

implant axis. 
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Clinically, first application of a blade implant was treatment of proximal femur fractures 

(PFNA and DHS-Blade). Accordingly, biomechanical studies were performed in the scope 

of this thesis to investigate the performance of the DHS-Blade (DepuySynthes Inc.) in 

order to support the design process before market launch. The DHS-Blade is an 

advancement of the conventional Dynamic Hip Screw (DHS) consisting of a side-plate for 

angular stable fixation of a single lag screw advancing into the femoral head. The dynamic 

principle allows the lag screw to slide inside the plate-body generating compression at the 

femoral neck region. The DHS-Blade replaces the lag screw with a helical blade design. In 

a paired cadaveric experiment simulating cyclic physiological loading, a moderate but 

statistically significant improvement of the fixation competence of the blade became 

obvious when compared to the screw design (Appx. C, p19) [73]. In the meanwhile the 

implant has entered clinical practise with good results [46]. From the proximal femur the 

concept has spread to other applications. We further investigated the biomechanical 

performance of helical blade implants in other anatomical key regions. For example, spiral 

blade fixation is gaining popularity in hind-food arthrodesis due to varying bone density in 

the calcaneus and high exposure to physiological loading. A study was performed in 

cadaveric bone evaluating the use of a spiral blade compared to the exclusive use of 

screws. Here as well, the blade showed certain improvements and potentials (Appx. C, 

p8) [40]. At the proximal humerus the Expert Humeral Nail with spiral blade 

(DepuySynthes Inc.) was biomechanically compared with a design concept supplementing 

the nail with an additional plate and diverging screws. Both implants were investigated in 

a cadaveric 3-part fracture model under cyclic loading, again showing good performance 

of blade implants in porotic bone (Appx. C, p4) [19].  

4.2 Role of bone compaction 

In these experimental studies certain advantages of helical implants became obvious. 

However, it was unclear which exact mechanisms contribute to these improvements. A 

popular argument promoting blade implants is the concept of bone compaction [4]. It 

appears intuitive, that during insertion into trabecular bone, the implant will radially 

displace the bony structure leading to a compacted material providing improved 

anchorage. To investigate this hypothesis, two experimental studies were performed 

(Appx. C, p17 and p20). On the one hand, the expected increase in bone density in the 
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surrounding of a blade implant could be confirmed [75]. On the other hand, opposed to 

current thinking this difference in density did not lead to superior or inferior 

biomechanical competence [69,75]. Translating this finding into clinics, it can be 

suggested to predrill a pilot hole and remove bone content even in porotic bone without 

compromising the implant purchase. This simplifies surgery and significantly reduces 

risks. However, a major argument in favour of the blade for improved bone anchorage 

could not be supported. 

4.3 Conclusion 

The work as published on paper (Appx. C, p4, p8, p17, p19, p20) can be summarized as 

follows: 

Helical blade implants represent an advancement for the treatment of geriatric fractures. 

Biomechanical advantages became obvious in experimental studies in agreement with 

clinical experience. However, the benefits may be classified as rather moderate. Bone 

compaction, believed as a major contributor, does not translate into improved 

biomechanical competence. The performed test-series revealed potentials but also 

limitations of design adjustments of conventional metallic implants. In highly osteoporotic 

cases other approaches, such as bone cement augmentation, may be required to achieve 

suitable anchorage in compromised bone mass (see chapter 5). 

Side note 

As a secondary but still important outcome, the mentioned study of Windolf et al. (Appx. 

C, p20) [75] introduces a novel loading protocol for biomechanical fatigue testing. It is 

suggested to monotonically increase the loading amplitude during cyclic testing. This 

approach is opposed to conventional biomechanical testing with step-wise characteristics 

and obvious disadvantages and enables fatigue testing in a wide range of bone qualities. 

The protocol builds the methodological basis for the majority of the biomechanical 

experiments in the scope of this thesis and many more. 
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5 Reinforcement – Bone cement augmentation 

Experience from several years biomechanical research on osteoporotic fracture treatment 

involving cadaveric testing as well as computer simulations support the following 

hypotheses:  

1. In healthy bone stock available fixation solutions and treatment techniques allow
for sufficient fracture treatment.

2. In osteopenic bone optimizing designs of conventional metallic implants carries
potential to significantly improve fracture fixation.

3. In severely osteoporotic bone the potential of conventional metallic implants is
exploited. Additional treatment concepts are needed.

A potential solution for securing anchoring elements is a mechanical reinforcement of 

highly compromised bone stock. A mechanical intervention offers the advantage of taking 

immediate and permanent effect, which cannot be achieved with systemic medication 

like bisphosphonates. Local application of injectable biomaterials such as bone cements 

crystalized as a promising approach [9]. Most common are acrylic polymers like 

Polymethylmethacrylate (PMMA) consisting of a liquid and a solid component to be 

mixed before use. During exothermic curing of the cement, the material can be delivered 

ideally towards the implant-bone interface to augment the trabecular structure in contact 

with the implant [68]. The biomechanical benefits of such a procedure can be explained 

by reduction of stresses in the bone due to enlarging the load-bearing surface [58,68]. 

Moreover, peak stresses and notching effects from sharp metal edges and abrupt 

transitions between rigid implant and bone may be diminished [58]. A bone-cement 

mantel around an implant enables a smooth "handover" of physiological forces from 

bony structure to implant. Acrylic cements offer sound mechanical properties in terms of 

ultimate strength and stiffness and, thus, are suitable for load bearing applications. The 

flow characteristic during injection represents another crucial parameter to avoid leakage 

of the cement into critical regions such as fracture gaps or joint spaces [14,16]. Hence, the 

cement should not be too liquid but still liquid enough to allow manual injection through 

a cannula and penetration of the trabecular structure. There is a trade-off between 

cement viscosity and mechanics. Ideally the viscosity should remain constant at a medium 

to high level for a time-slot of about 20min before hardening of the material [14]. This 
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behaviour is often on the expense of the material's ultimate strength particularly under 

tension [15]. 

Due to its good biological compatibility, use of PMMA bone cement inside the human 

skeleton has a history of several decades [47]. It was first used for anchoring endo-

prostheses in the proximal femur as popularised by Charnley in the early 1950's [22]. It is, 

furthermore, frequently used in Vertebro- / Kyphoplasty procedures in spine with the 

strong argument of immediate plain relieve [35]. Profiting from the experience, the idea 

arose to use the concept also in the field of general trauma care, particularly in porotic 

bone [7,9]. However, injecting PMMA for fracture treatment is still sceptically perceived 

by the medical community and is not fully embedded in the clinical routine yet. An 

important reason for this reservation might be the irreversibility of the procedure. Once 

injected, the cement will remain in the body. The question is raised if this drawback is 

justified by bridging a fracture-healing period of 2-6 months before function of the 

cement becomes obsolete. Complication rates and world-wide increase of osteoporosis 

speak clearly in favour of the idea (see chapter 2). Alternatives are bio-degradable 

materials such as calcium-phosphate cements [8] or other formulations [36] which are 

under development. However, current alternatives are still markedly inferior to PMMA in 

terms of mechanics and should not be used for load-bearing applications (Brodt et al., 

unpublished data, AO Research Institute Davos). Nonetheless, upcoming cement 

generations may improve significantly. 

5.1 Biomechanical benefits 

In 2006 our first experimental efforts were undertaken on cement augmentation of the 

Dynamic Hip Screw (DepuySynthes Inc.) to prevent screw cut-out in porotic proximal 

femurs (Appx. C, p16) [68]. A highly beneficial effect became obvious, which encouraged 

us to further investigate in the field. The logical next step was to augment a blade implant 

at the proximal femur (PFNA, DepuySynthes Inc.) (see chapter 4). The rationale behind 

this is a step-wise treatment concept. The use of a blade can by itself improve the 

anchorage in porotic bone to a certain extent [73]. After placing the implant, the surgeon 

still has the option for additional cement augmentation based on certain criteria (see 

chapter 3). As a side note: Cement can physically not be injected into healthy, dens bone. 
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Cement augmentation can therefore not serve as a salvage procedure to overcome poor 

surgical execution. 

A biomechanical pre-evaluation of PFNA augmentation was performed in a bone 

substitute material (Appx. C, p13) [59] followed by a mechanical test in cadaveric bone 

(Appx. C, p12) [58]. These studies, and others [29], revealed a remarkable increase in 

implant anchorage in porotic bone by adding small amounts of PMMA bone cement. An 

augmentation set for the PFNA (DepuySynthes Inc.) became commercially available and is 

nowadays in clinical use (Figure 4). Clinical results confirm the experimental findings 

[38,39]. However, there is still little knowledge about the optimal procedure for 

augmenting a hip implant in terms of how much cement is needed and where should it be 

placed. A systematic experimental analysis of seven different cement configurations was 

performed and reflected that already 2ml of PMMA placed towards the tip of the implant 

can be sufficient to achieve confident fixation (Appx. C, p14) [60]. 

Figure 4: 87 year old female patient with a proximal femur fracture treated with a PFNA (DepuySynthes Inc.) and 

additional bone cement augmentation. 4 months post-op. Uneventful healing and pain-fee weight-bearing. 

Reprinted from Injury 42, Kammerlander C, Gebhard F, Meier C, Lenich A, Linhart W, Clasbrummel B, Neubauer-

Gartzke T, Garcia-Alonso M, Pavelka T, Blauth M, Epidemiology of adult fractures: A review, p. 1484-1490, Copyright 

(2011) with permission from Elsevier [39]. 
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To increase the biomechanical knowledge on the concept and to gain broader acceptance 

among surgeons, cement augmentation of implants was further tested on other 

anatomical key regions such as the proximal tibia (Appx. C, p7) [34], the hind-food (Appx. 

C, p10) [42] and the proximal humerus (Appx. C, p11) [55]. The potential for general use 

of bone-cement when placing lag-screws to compress bone fragments was also evaluated 

(Appx. C, p18) [70]. Further studies on distal femur and pelvis (SI screws) are currently on-

going. In all mentioned applications a more or less pronounced improvement of implant 

anchorage due to cement augmentation became apparent. However, these results also 

suggest that the benefit of the procedure is highly depending on the distinct application. 

For example, augmenting three cannulated screws at the tip for femoral neck fracture 

fixation did not reveal any biomechanical improvement (Nicolino et al., unpublished data, 

AO Research Institute Davos). Placement of the cement at a biomechanical sound 

position is crucial to provide the desired effect. 

5.2 Associated risks 

Permanent and irreversible placement of foreign material inside the human body always 

carries risks, which need to be carefully weighed against the achievable benefits. These 

risks include cement leakages, damage of the subchondral bone (Figure 5) or avascular 

necrosis due to increased intra-osseous pressure (Appx. C, p2) [12]. Particularly with 

PMMA augmentation there is a concern of thermal damage from the exothermic reaction 

during PMMA curing, which could lead to heat necrosis of bone and cartilage. In an in-

vitro experiment the temperature progression was recorded in cadaveric femora at 

several distances to a cement cloud surrounding a PFNA blade (Appx. C, p6) [32]. 

Theoretical curing temperatures of PMMA range around 80°C. Practically, no critical 

values were found (< 43°C). It has to be noted that medical cements of the newest 

generation are composed from a variety of components (e.g. X-ray contrast agents) which 

reduces the actual portion of PMMA and thereby lowers the heat exposure [14]. At least 

at the proximal femur curing temperatures can therefore be considered uncritical. The 

experiment was repeated at a different scenario, the proximal humerus (Appx. C, p3) [13]. 

Results confirmed previous findings.  
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Figure 5: Sheep experiment. Histological section of a femoral condyle with PMMA cement injected into the 

subchondral region. From pre-evaluations, there is no sign of cartilage degeneration due to presence of bone cement 

at 4 months post-operation (Götzen et al., unpublished data, AO Research Institute Davos).  

Finally, within the scope of this work, an idea of mixing a component of autologous bone 

marrow into PMMA cement during augmentation was developed. It was hypothesized 

and experimentally proven that such a composition could act as biocompatible cement 

softener by lowering the material stiffness, which could be biomechanically beneficial 

(Appx. C, p1) [6]. On the other hand, as undesired side-effect, it became apparent that 

the ultimate strength of the material is also significantly compromised. Biological effects 

due to presence of autologous cells inside the cement could not be judged here.  

5.3 Conclusion 

The work as published on paper (Appx. C, p1, p2, p3, p6, p7, p10, p11, p12, p13, p14, p16, 

p18) can be summarized as follows: 

Within the scope of this work, biomechanical potential and associated risks of cement 

augmentation in geriatric fracture care were comprehensively investigated to provide 

experimental base-line data to increase confidence for clinical use. Cement augmentation 

of implants carries strong potential to improve fracture fixation in porotic bone. However, 

benefits vary with the distinct application. Cement augmentation can, hence, not be 

applied as a routine concept. Cement augmentation appears save under the prerequisite 

of responsible and careful application. 
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6 Conclusion 

The incidence of osteoporotic fractures will drastically increase in the future. Within the 

scope of this thesis, a 3-step approach for osteoporotic fracture management was 

biomechanically investigated. The approach involves a method for intra-operative 

assessment of bone strength for surgical decision making, a novel design of bone fixation 

elements (the helical blade) and the concept of bone cement augmentation of implants. 

Mechanical bone strength measurement was found to carry high potential for predicting 

fatigue failure of bone-implant constructs and may build an important pillar of 

osteoporotic fracture care in the future. A proof of concept in clinics is, however, still 

outstanding. Blade implants show beneficial performance in porotic bone, but may not be 

suitable for severely osteoporotic cases. Here, cement augmentation provides a unique 

opportunity to allow early and confident mobilization of the elderly patient. Cement 

augmentation appears save when applied responsibly, but should not be applied as a 

routine concept in clinics.  
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A B S T R A C T

The use of polymethylmethacrylate (PMMA) cement to reinforce fragile or broken vertebral

bodies (vertebroplasty) leads to extensive bone stiffening. This might be one reason

for fractures at the adjacent vertebrae following this procedure. PMMA with a reduced

Young’s modulus may be more suitable. The goal of this study was to produce and

characterize PMMA bone cements with a reduced Young’s modulus by adding bonemarrow.

Bone cements were produced by combining PMMA with various volume fractions of

freshly harvested bone marrow from sheep. Porosity, Young’s modulus, yield strength,

polymerization temperature, setting time and cement viscosity of different cement

modifications were investigated. The samples generated comprised pores with diameters

in the range of 30–250 µm leading to porosity up to 51%. Compared to the control cement,

Young’s modulus and yield strength decreased from 1830 to 740 MPa and from 58 to 23 MPa

respectively by adding 7.5 ml bone marrow to 23 ml premixed cement. The polymerization

temperature decreased from 61 to 38 ◦C for cement modification with 7.5 ml of bone

marrow. Setting times of the modified cements were lower in comparison to the regular

cement (28 min). Setting times increased with higher amounts of added bone marrow

from around 16–25 min. The initial viscosities of the modified cements were higher in

comparison to the control cement leading to a lower risk of extravasation. The hardening

times followed the same trend as the setting times. In conclusion, blending bone marrow

with acrylic bone cement seems to be a promising method to increase the compliance of

PMMA cement for use in cancellous bone augmentation in osteoporotic patients due to

its modified mechanical properties, lower polymerization temperature and elevated initial

viscosity.
c⃝ 2011 Elsevier Ltd. All rights reserved.
p

d

1. Introduction

Vertebroplasty is regarded as a reasonable alternative to
the non-operative treatment of osteoporotic vertebral body
compression fractures. Immediate and lasting pain relief is
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seen in 80%–90% of the cases (Heini et al., 2000; Mathis
et al., 2002). Today, the most commonly used bone substitute
material in vertebroplasty is polymethylmethacrylate (PMMA)
with a Young’s modulus (2–3 GPa) 4–40 times higher than
that of cancellous bone (50–800 MPa, Banse et al., 2002).

.
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This material has specific disadvantages such as high
polymerization temperature (Lewis, 1997), neurotoxicity of
the monomer (Dahl et al., 1995), and the lack of sufficient
osteointegration (Urrutia et al., 2008). In particular, the long-
term stability is questionable due to its bioinert nature (Heini
et al., 2001). As a consequence, the addition of bioceramics
to enhance its bioactivity has been extensively studied e.g.
hydroxyapatite (HA) (Serbetci et al., 2004), bioglass (Mousa
et al., 1999), A-W glass (Yamamuro et al., 1998) or strontium-
substituted hydroxyapatite (Sr-HA) (Hernandez et al., 2009).
Another undeniable disadvantage of the PMMA is its high
temperature during polymerization which may increase to
more than 70 ◦C in the center of the vertebral body during
setting (Lewis, 1997). Deramond et al. (1999) and Belkoff and
Molloy (2003) found an in vitro temperature of 60 ◦C in the
center and 49 ◦C at the anterior cortex of a vertebral body
augmented with PMMA cement (Simplex P bone cement).
Based on reported threshold levels (Eriksson and Albrektsson,
1983; Li et al., 1999; Lundskog, 1972) there is a high risk of
thermal damage occurring inside the vertebral body and a low
risk in the structures surrounding it. Another documented
complication of vertebral augmentation using PMMA is the
elevated fracture rate of adjacent vertebral bodies (Frankel
et al., 2007; Grados et al., 2000; Pérez-Higueras et al., 2002;
Uppin et al., 2003). Heini et al. (2001) showed an increased
stiffness of the augmented vertebral body of 174%, and
another study (Boger et al., 2007) using functional spinal
units showed an increase of around 180% compared to an
intact osteoporotic vertebral body. These figures appear to
demonstrate an overly rigid reinforcement of the affected
vertebrae in an osteoporotic spine which might contribute
to an enhanced fracture risk at adjacent levels (Berlemann
et al., 2002; Boger et al., 2007; Frankel et al., 2007; Heini
et al., 2001; Polikeit et al., 2003; Rohlmann et al., 2005, 2006;
Sun and Liebschner, 2003). Adjusting the Young’s modulus of
the cement toward that of the surrounding vertebral body
is thought to be an efficient way to reduce the material
related risk of adjacent vertebral body fractures subsequent
to augmentation.

It is therefore desirable to use bone cement with a
reduced risk of the above mentioned side effects. An optimal
bone cement would show a reduced Young’s modulus,
a reduced polymerization temperature and an increased
bioactivity leading to sufficient osteointegration without
compromising the sound handling characteristics of PMMA
cements including cement viscosity over time.

Reduction of the Young’s modulus to around 120 MPa and
the polymerization temperature to around 40 ◦C (Boger et al.,
2008a) by the introduction of nonmiscible phases into the
PMMA upon polymerization has previously been described
(Boger et al., 2008b; DeWijn, 1976; Wintermantel, 1998). Those
property variations were made possible by using an aqueous
solution of hydroxypropylmethylcellulose (Boger et al., 2008b;
De Wijn, 1976), Dextran (Wintermantel, 1998), hyaluronic acid
(Boger et al., 2008a), or other plasticizing substances (Boger
et al., 2009a). The plasticizers were added to the regular
PMMA ingredients during cement preparation. However,
these approaches did not address the aspect of increased
bioactivity of the augmentation material. Therefore, new
concepts have to be evaluated. In a recent study from Ahn
et al. (2009) evaluating blood-mixed PMMA, a reduction of
the Young’s modulus to around 550 MPa and a corresponding
maximal polymerization temperature of around 48 ◦C was
observed.

The approach investigated in the present work used
freshly harvested bonemarrow for modification. It wasmixed
into regular PMMA, in order to make it more suitable for
osteoporotic cancellous bone augmentation procedures like
vertebroplasty. Bone marrow was chosen for the osteogenic
potential of its constituent stem cells (Risbud et al., 2006).
Other investigations and products have already shown that
the perfusion of bone substitute materials with freshly har-
vested bone marrow leads to enhanced osteoconductive, os-
teopromotive or osteogenic behavior (Becker et al., 2006;
Stoll et al., 2004; http://www.synthes.com/html/chronOS-Per
fusion-Concept.7254.0.html?&L=0 (Synthes Homepage, 0000)).

Becker et al. (2006) showed that the combination of β-
TCP and bone marrow leads to promising osteoinductive
properties. They showed that using bone marrow is superior
to venous blood or concentrated mononuclear cells (Stoll
et al., 2004).

Bone marrow can be aspirated from different sites. The
“gold standard” is still the iliac crest but the vertebral
body itself can also be used as a reservoir from which the
marrow can be harvested. McLain et al. (2005, 2009) showed
comparable or greater concentrations of osteoprogenitor
cells in bone marrow aspirates from vertebrae compared to
the iliac crest. For harvesting the bone marrow from the
vertebral body the recently developed jet lavage technique
as described by Benneker et al. (2008, 2010) could be used.
This method was developed to remove vertebral bonemarrow
prior to vertebroplasty. This technique has the advantage of
preventing the additional surgical morbidity caused by an
iliac crest approach. Detailed investigation of other important
properties, such as fatigue characteristics, would have to
be performed prior to human application of the described
method. Furthermore, all necessary regulatory issues would
also have to be addressed beforehand.

Since cement extravasation into the circulatory system
and into the spinal canal is a major complication in verte-
broplasty procedures today, a novel injectable augmentation
material must be further investigated with regard to viscosity
changes during polymerization.

The purpose of the present study was to confirm that
commercially available PMMA cement mixed with freshly
harvested bone marrow might lead to a more compliant
biomaterial for augmentation procedures of osteoporotic
bone. Therefore, experiments were designed and performed
to document the influence of the amount of admixed bone
marrow taken from sheep on the porosity, mechanical
properties, temperature of polymerization and cement
viscosity of the biomaterial.

2. Materials and methods

2.1. Materials and mixing procedure

All experiments were carried out using a commercial PMMA
cement (Vertecem V+ Cement Kit, Ref.: 07.702.016S, LOT
09CA53010, Synthes GmbH, Oberdorf, Switzerland). Vertecem

http://www.synthes.com/html/chronOS-Perfusion-Concept.7254.0.html?&L=0
http://www.synthes.com/html/chronOS-Perfusion-Concept.7254.0.html?&L=0
http://www.synthes.com/html/chronOS-Perfusion-Concept.7254.0.html?&L=0
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V+ is a slow setting, radiopaque acrylic bone cement with
a medium to high initial viscosity for use in percutaneous
vertebroplasty. The fluid phase is composed of 99.35%
methylmethacrylate (MMA), 0.65% N, N-dimethyl-p-toluidine
as activator and small quantities (60 ppm) of Hydroquinone as
stabilizer. The polymer powder is composed of 44.6% PMMA
(polymethylmethacrylate/acrylate), 0.4% benzoyl peroxide
which initiates the polymerization, 40% Zirconium dioxide as
radiopaque agent and 15% hydroxyapatite as biocompatible
filler.

Bone marrow for modification of the regular cement was
harvested from three skeletally mature female Swiss Alpine
sheep. The animals were humanely euthanized as part of
another study which was approved by the cantonal office
for animal health of Grisons, Switzerland (TVB Nr. 4/2009).
At the due date for euthanasia, the sheep were sedated
with 0.04 mg/kg Detomidine (Domosedan R⃝, Swissmedic-No:
47542014, LOT 1252594, PfizerAG, Switzerland) administered
intramuscularly. Twenty minutes after sedation the animals
received 0.2 mg/kg Midazolam (Dormicum R⃝, Swissmedic-
No: 44448, LOT B1331, Roche Pharma AG, Switzerland)
and 4 mg/kg Ketamine (Ketasol-100, Swissmedic-No: 50375,
LOT 6680408, Dr. E. Graeub AG, Switzerland) intravenously
for induction. The sheep were intubated using a cuffed
endotracheal tube with an inner diameter of 9.5 mm
(Rüschelit R⃝ Super Safety Clear, Ref.: 112482, LOT 09BE09,
Rüsch AG, Switzerland) and anesthesia was maintained
using 1.5%–1.8% Isoflurane (Isofluran Baxter, Swissmedic-No:
55999, LOT 09D20A41, Baxter AG, Switzerland) in oxygen. The
animals were placed in right lateral recumbency and the area
over the left iliac crest was clipped, prepped and draped for
aseptic surgery. Local anesthesia was achieved at the incision
site using 5ml Lidocaine 2% (Lidocain 2% Streuli, Swissmedic-
No: 50564, LOT 0870369/2, Streuli Pharma AG, Switzerland)
which was injected into the subcutaneous tissue covering the
iliac wing. The iliac crest was approached through a 15 mm
surgical incision. Using an 11 G biopsy needle (Safe-Cut
Biopsy System, Ref. 181130, LOT 86003, Somatex R⃝ Medical
Technologies GmbH, Teltow, Germany), bone marrow was
aspirated in a 60 ml syringe. The bone marrow was always
harvested immediately before mixing it with the cement to
avoid clotting.

Three compositions of regular acrylic cement modified
by different amounts of bone marrow (2.5, 5.0 and 7.5 ml)
were compared to the regular cement as control, resulting in
four sample groups. Composites of PMMA cement and bone
marrow were prepared by manually mixing the bone marrow
into the premixed fluid PMMA. First the liquid component
of the Vertecem V+ cement was added to the powder
component of the Vertecem V+ cement contained already in
the Vertecem V+ mixer. A timer was started and the cement
components were mixed according to the manufacturer’s
instructions for 10 s resulting in around 23 ml premixed
cement. Then the appropriate amount of freshly harvested
bone marrow (2.5, 5.0 and 7.5 ml) was added followed by
additional mixing for 20–30 s resulting in a homogeneous
monochrome light red paste. To prepare the samples for
mechanical testing and determination of porosity, the paste
was filled into cylindrical Teflon molds (30 mm height, 10 mm
diameter). Due to the smooth surface of the cast and the
shrinkage of the PMMA during two days hardening (around
1%–3% according to Kühn, 2000) the cylindrical samples could
easily be removed using a plunger. The samples were turned
on a lathe to obtain consistent cylinders with a length of
20 mm and parallel end surfaces. Dimensions of the resulting
cylindrical samples were determined using a digital caliper
with an accuracy of 0.03 mm.

2.2. Cement viscosity during curing

Rheological investigation was performed to derive the
cement viscosity as a function of time after starting
cement preparation. During this procedure, qualitatively the
polymerization kinetic of the cement and quantitatively the
initial viscosity and hardening time were recorded. The
hardening time is defined as the time from the start of
mixing until a cement reaches a viscosity of 2000 Pa s. For
the viscosity measurements, 3 ml of the freshly prepared
cement was placed in a rotational rheometer (Viscosafe
Viscometer, Anton Paar, Graz, Austria, SN 80215110 REF
03.702.010) according to the method described in a previous
study (Boger et al., 2009b). Real viscosity was recorded every
5 s using the corresponding software (RHEOPLUS/32 Multi
128 V2.66, Anton Paar, Graz, Austria). The rheometer was
set to operate at an oscillatory frequency of 1 Hz and a
maximum torque of 3 mN m. Viscosity measurements were
started 3.5 min after mixing commenced. The initial viscosity
was determined as minimal viscosity measured during the
rheological data acquisition. Three trials were performed
for each cement composition (0.0, 2.5, 5.0 and 7.5 ml bone
marrow additive). Initial viscosities and time until a cement
viscosity of 2000 Pa s was reached, are presented as means
and standard deviations (mean ± SD) for the various cement
compositions. Cement viscosity as a function of time after
the start of mixing is presented with one representative
measurement for each cement composition.

2.3. Maximum temperature and setting time

Maximum cement temperature and setting time were mea-
sured according to the ISO 5833 standard. The temperature
was measured using a TC-08 thermocouple data logger (PICO
Technology, St Neots, UK) inside the Teflonmold. The temper-
ature sensor was connected to a PC interface (PicoLog data ac-
quisition software; PICO Technology, St Neots, UK) for storing
the data (sampling rate: 1 Hz). The accuracy of the measure-
ment was stated by the manufacturer to be 0.5 ◦C. All four
cement compositions (0.0, 2.5, 5.0 and 7.5 ml bone marrow
added to one batch Vertecem V+) were investigated. The ce-
ment and the test equipment were maintained at 23 ± 1 ◦C
and at a relative humidity of not less than 40% at least 2 h
before and during testing. Three samples for each composi-
tion were measured. Setting time is defined as the time after
start of cement mixing, when the temperature of the cement
is exactly halfway between ambient and peak temperature.
Maximum temperature (Tmax) and setting time (tset) are pre-
sented as mean ± SD. Cement temperature as a function of
time after start of mixing is presented with one representa-
tive measurement for each cement composition.
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2.4. Porosity and pore size distribution

Several techniques can be used to determine the pore size
distribution and porosity of materials, such as mercury
porosimetry, gas adsorption, optical analysis, gravimetric
methods and computer tomography (µCT). Here, the interest
was to determine the pore size distributions of pores large
enough to be invaded by cells, typically larger than 30–50 µm
(Van Lenthe et al., 2007). As a result, µCT technique with
described settings (Van Lenthe et al., 2007) was selected
because it is an easy, non-destructive, reliable method,
with an accuracy of around 20 µm which is considered
as sufficient. For the analysis one cylindrical sample of
each of the four material compositions was scanned in the
transverse plane. From the central cross-section ±2.5 mm
were scanned at 8 µm resolution resulting in a voxel size of
8×8×8 µm3 (desktop µCT 40 R⃝, SCANCO Medical, Basserdorf,
Switzerland). Pore sizes below two to three times the voxel
size (reliable accuracy) cannot be detected (Van Lenthe et al.,
2007) leading to a detection limit of 20 µm. The resulting
gray-scale images were segmented using a low-pass filter
to remove noise, and a fixed threshold to extract the solid
phase (Van Lenthe et al., 2007). From the binarized images,
structural indices were assessed with three-dimensional
techniques (Hildebrand and Ruegsegger, 1997; Laib et al.,
2000). Therewith, porosity (i.e. pore volume/total volume)
and histograms of pore size distribution were derived from
five different randomly chosen locations in each sample.
The diameter of spheres filling the structure was defined as
pore size. For characterization of the pore size distributions,
the histograms were approximated by one or two normal
distribution curves. Results on the pore size distributions are
presented as the means, standard deviations and the heights
of the used normal distribution curves. The height of the
normal distribution curve represents the frequency of the
pore size at the mean.

2.5. Mechanical compression testing

A quasi-static compression test was performed on the
cylindrical samples in order to evaluate the mechanical
properties of the materials. Testing was carried out on
ten samples for each material composition containing 0.0,
2.5, 5.0, and 7.5 ml bone marrow mixed with the PMMA
cement. The experiment was conducted according to ISO
5833 using an Instron 4302 material testing machine (Instron
Ltd., High Wycombe, England) with a compression speed of
5 mm/min and a 10 kN load cell. Force and displacement
were measured with a sampling rate of 10 Hz and post-
processed with the Instron Series IX Version 8.06.00 software.
All data were evaluated using Matlab software version
6.5 (MathWorks, Stuttgart, Germany). Young’s modulus and
yield-strength were determined according to the standard
and known methods (Boger et al., 2008a). Intending to
compare both mechanical parameters to those of human
cancellous bone, published data was added as reference
group. Banse et al. (2002) reported a Young’s modulus of 352±

145 MPa and an yield strength of 2.5 ± 1.5 MPa (mean ± SD)
for cancellous bone based on 62 male and female vertebral
bodies. Mean apparent bone density was reported to be
0.17 g/cm3. The statistical comparison of this reference data
Fig. 1 – Cement samples containing different amounts of
bone marrow (0.0, 2.5, 5.0 and 7.5 ml) from left to right.
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Fig. 2 – Representative measurements of the cement
viscosity during curing as a function of time after start of
mixing for the four investigated cement compositions.

with the cement groups was performed using independent
samples t-tests based on the mean, standard deviation and
sample size. To assess differences between the cement
groups with regard to Young’s modulus and yield strength, a
non-parametric Kruskal–Wallis test was performed. Multiple
group comparisons were performed by using Mann–Whitney-
U tests with a post-hoc Bonferroni correction. Due to this in
all cases, a p-value of ≤ 0.005 was used as significance limit.

3. Results

3.1. Materials and mixing procedure

The preparation procedure of the samples using different
amounts of bone marrow appeared easy and reproducible.
For the preparation of the modified acrylic bone cement,
the two-step mixing was sufficient to obtain a homogeneous
monochrome light red paste. Phase separation of the
biphasic materials could not be observed. Fig. 1 shows
representative samples of each investigated study-group.
Cylindrical samples used for mechanical testing and pore size
analysis had a diameter of 9.92 ± 0.03 mm and a length of
19.98 ± 0.03 mm (mean ± SD).

3.2. Cement viscosity

Fig. 2 shows representative progression of the cement viscos-
ity over time after start of mixing for the four investigated
cement compositions. Table 1 shows the differences concern-
ing the initial viscosity and hardening time between study
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Table 1 – Initial viscosity, hardening time, maximum temperature, setting time, Young’s modulus and yield strength for
the four material compositions presented as mean ± SD.

Bone marrow content per Vertecem V+ batch/ml
0.0 2.5 5.0 7.5

Material properties in
mean ± SD

Initial viscosity /Pa s 123 ± 15 226 ± 26 194 ± 43 208 ± 73
Hardening time /min 25 ± 0.5 15 ± 0.9 17 ± 0.8 19 ± 0.8
Tmax /◦C 60.85 ± 2.5 60.7 ± 7.2 42.3 ± 3.2 38.0 ± 4.4
Tset /min 28.3 ± 0.7 16.4 ± 3.3 20 ± 1 24.8 ± 1
Porosity /% 23.6 ± 1.3 36.4 ± 0.9 44.1 ± 1.1 50.2 ± 1.1

Pore size diameter /mm
0.027 ± 0.016 0.037 ± 0.019 0.038 ± 0.02 0.042 ± 0.021

0.142 ± 0.057 0.163 ± 0.062 0.195 ± 0.075
Height of the pore size
distribution /%

17.5 ± 0.4 13.75 ± 0.8 14.5 ± 0.5 12.1 ± 0.6
1.25 ± 0.15 0.85 ± 0.2 0.7 ± 0.3

Young’s modulus /MPa 1833 ± 47 1283 ± 75 896 ± 76 737 ± 82
Yield strength /MPa 58 ± 4 37 ± 2 26 ± 2 23 ± 1
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Fig. 3 – Representative measurements of the cement
temperature during curing as a function of time after start
of mixing for the four cement compositions investigated.

groups. The initial viscosity was in general higher for the
materials containing bone marrow ranging from 140 up to
280 Pa s showing relative high scattering of the data in com-
parison to the control cement (123 ± 15 Pa s). The polymer-
ization kinetics observed and quantified from the hardening
times were not correlated with the amount of bone marrow.
When 2.5 ml bone marrow was added the shortest hardening
time of around 15 min was observed. Higher amounts of bone
marrow added to the cement batch led to an increase in hard-
ening time up to 19 min (Table 1). The longest hardening time
of around 25 min was observed for regular cement.

3.3. Maximum temperature and setting time

Fig. 3 shows representative measurements of the cement
temperature during curing as a function of time after start
of mixing for all study groups. Table 1 shows the differences
concerning the maximum polymerization temperature and
setting time of the four investigatedmaterials. Themaximum
temperature decreased on average from around 61 ◦C for
both, regular cement and 2.5 ml bone marrow composition
to 38 ◦C for the group with 7.5 ml bone marrow added.
Setting times did not correlate with the amount of bone
marrow. When 2.5 ml bone marrow was added the shortest
setting time of 16.4 min was observed. Higher amounts of
bone marrow added to the cement batch lead to an increase
in setting time up to around 25 min (Table 1), however not
Fig. 4 – 3D-reconstructions obtained from tomography
scans illustrating the porosity of the study groups (top line).
Bottom line: Sagittal sections. From left: 0, 2.5, 5.0, and
7.5 ml bone marrow addition.

reaching the longest setting time (28 min) observed for the
regular cement without bone marrow.

3.4. Porosity and pore size distribution

The addition of bone marrow to PMMA cement transformed
the unimodal and normal pore size distribution into the sum
of two normal distributions (Table 1). Without adding bone
marrow the average pore diameter was 0.027 mm. For larger
bone marrow fractions, the sum of two normal pore size
distributions best approximated the data. The small pore
diameters were in the range of 0.037–0.042 mm, whereas the
large pores had an average diameter of 142, 163 and 195 µm
for 2.5 ml, 5.0 ml and 7.5 ml bone marrow, respectively.
Small pore sizes are just above the resolution limit, but the
results were consistent for all compositions. As seen in Fig. 4,
tomography investigations could not confirm that the porous
cement cylinders were open-porous.

3.5. Mechanical analysis

Fig. 5 shows representative stress–strain curves received from
the compression testing of the four investigated cement
compositions.

The Young’s modulus and yield strength were inversely
related to the amount of bone marrow added to the cement
batch (Table 1). More specifically, the mean Young’s modulus
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Fig. 5 – Representative measurements of the stress–strain
characteristics for the four investigated cement
compositions.

decreased from 1840 MPa for the regular cement (0.0 ml
bone marrow) to 740 MPa for the cement composition
containing 7.5 ml bone marrow. Similarly, the mean yield
strength decreased from 58 to 23 MPa. These differences were
significant (p ≤ 0.001) between each of the tested groups for
both parameters.

Reference values for vertebral cancellous bone, as reported
by Banse et al. (2002), were significantly lower compared to
the cement groups with 0.0, 2.5, 5.0 and 7.5 ml bone marrow
(all p < 0.001).

4. Discussion

Modified PMMA bone cements, showing mechanical proper-
ties above human cancellous bone but below regular acrylic
cements, were produced and characterized in this study.
Characterization included polymerization temperature, ce-
ment viscosity, porosity analysis and mechanical properties.

Apart from the preparation procedure, we only used
established methods for the material characterization on
mechanical, thermal and rheological properties.

4.1. Materials and mixing procedure

For cement preparation several parameters can be investi-
gated. The parameters investigated in this study led to ac-
ceptable results. This means that homogeneous mixing with
neither phase separation during mixing, nor particle release
or partial polymerization of the mixture was achieved.

As reported in the aforementioned blood-mixed PMMA
model (Ahn et al., 2009), pre-mixing polymer ingredients by
hand for 45 s led to partial phase separation of the blood.
The method presented here resulted in a more reproducible
cement composition. Thatmight be explained by the different
mixing procedures and the higher viscosity of bonemarrow in
comparison to blood, which is an important parameter when
adding an aqueous phase into pre-polymerized PMMA (Boger
et al., 2008a).

In this study the iliac crest of sheep was used to harvest
the bone marrow. In humans the iliac crest is still regarded
as the site of choice for this procedure although other stud-
ies have shown that the marrow of vertebrae also contains a
comparable amount of osteoprogenitor cells (D’Ippolito et al.,
1999; McLain et al., 2005, 2009). It would be advantageous
if the marrow from vertebrae could be used in patients un-
dergoing vertebroplasty. Those patients would need only one
surgical site because the marrow could be aspirated directly
from the affected vertebral body and subsequently mixed
with the PMMA. At the same time the risk for cardiovascu-
lar side effects (fat embolism, cement embolism) would be
minimized. The recently reported jet lavage technique might
be an option to flush the bone marrow out of the vertebral
body (Benneker et al., 2008, 2010). Further studies have to be
conducted to investigate if the harvested bone marrow could
be separated in a practical way from the lavage fluid prior to
mixing it with the PMMA. Another problem could be that pa-
tients treated with vertebroplasty are in most cases osteo-
porotic or osteopenic, a situation where the bone marrow of
vertebrae shows an increased fat content and decreased per-
fusion in both males and females (Griffith et al., 2005, 2006).
This means that those aspirates could have an impaired os-
teogenic potential. Further studies need to be conducted in
order to investigate the cell viability in the mixture of bone
marrow and PMMA after polymerization. After those tests, an
animal study would be necessary to evaluate if such amixture
facilitates better bony ingrowth than conventional cement.

4.2. Cement viscosity during curing

Determination of the cement viscosity as a function of
time revealed a higher initial cement viscosity immediately
after mixing and a decreased hardening time in comparison
to the regular cement. The higher initial viscosity of the
modifications is beneficial for clinical use, because the risk of
leakage is decreased (Baroud et al., 2006). The apparent initial
viscosity of the regular cement used herein, when injected
immediately after preparation, is high enough, leading to a
low leakage rate and uniform cement filling as shown in a
previous in-vitro study (Boger and Wheeler, 2010). Therefore,
the modification of cement composition using bone marrow
appears to improve the injection properties. The hardening
times of the modified cement were reduced in comparison
to the regular cement showing an accelerated polymerization
kinetic. The reduction in hardening time of comparable
cement mixtures has previously been demonstrated (Boger
et al., 2008a), however the group with the lowest amount of
bone marrow presented the shortest and the one with the
highest amount the longest hardening time. This observation
has not been explained and needs further evaluation using
for example, calorimetric or dynamic mechanical analysis.
However, if the hardening time is too short for the application
it could be easily adjusted by reducing the amount of benzoyl
peroxide in the polymer powder.

4.3. Maximum temperature and setting time

Results for the maximum temperature and setting time of
the regular cement agreed with the manufacturer’s data.
The maximum temperatures were significantly lower with
5.0 ml and 7.5 ml bone marrow used for the modification,
(42.3 ± 3.2) ◦C and (38.0 ± 4.4) ◦C, respectively. This result
is promising, because it suggests that the use of such
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cement modifications using relative high amounts of bone
marrow in human applications would not provoke bone
necrosis resulting from high polymerization temperatures.
The measured setting times determined by the curing
behavior are consistent with the observations on the cement
viscosity as a function of time after start of mixing.
The maximum temperatures generated from modification
with 2.5 ml bone marrow (60.7 ± 7.2) ◦C did not differ
significantly from regular cement (60.85± 2.5) ◦C. Concerning
the maximum temperature it is expected that the maximum
polymerization temperature should decrease with increasing
amounts of non-reactive bonemarrow in the cementmixture.
This was verified when comparing the cement compositions
containing 2.5, 5.0 and 7.5 ml bone marrow. However,
the polymerization kinetic was altered by the addition of
bone marrow leading to a reduction in hardening time
in comparison to the unmodified cement. The accelerated
hardening might explain the unexpected high maximum
polymerization temperature measured for the cement
composition containing 2.5 ml bone marrow. Due to the
reduction in hardening time of around 40% in comparison to
the regular cement, the generated heat dissipated in a shorter
time frame resulting in an unexpectedly high temperature.

4.4. Porosity

Micro-CT of the cement samples revealed micropores which
were distributed evenly but not interconnected, so the PMMA
and cancellous bone could not be suspected to be congluti-
nated in the processing of bone union. However, the poros-
ity obtained might aid in attracting cells and promoting
adhesion to the surface resulting in superior osteo-integra-
tion of the implanted material. The microstructure of the ce-
ment when infiltrated into cancellous bone will be different
anyway in comparison to the structure observed in the exper-
imental samples. Therefore the results shown are preliminary
and should give a first impression of the structure of the ma-
terial. The reason why bigger pore sizes were obtained when
adding larger amounts of bone marrow to the cement compo-
sition is currently not explainable by the authors.

4.5. Mechanical analysis

The cement compositions mixed with bone marrow showed
a Young’s modulus (1280–740 MPa) and yield strength
(40–20 MPa) above the values of cancellous bone (100–500 MPa
and 1–7 MPa, respectively) (Banse et al., 2002), and below
those of regular PMMA cement (1830 MPa and 60 MPa,
respectively). Therefore the modifications might be more
suitable for vertebroplasty in general.

The optimal properties of an augmentation material
for vertebroplasty cannot be distinctively defined for the
entire patient population. They depend on a variety of
parameters such as apparent bone quality, fracture pattern,
possible spinal deformities, augmented volume and cement
distribution. Our main goal is to compose materials with
more compliant mechanical properties, which approach the
actual conditions when used for vertebroplasty. Equally
important is lifelong pain relief achieved through lasting
mechanical stabilization by avoiding micro motion and
restoring the vertebral body strength to the pre-injured
level. Further complications of augmentation procedures
like vertebroplasty could be tissue necrosis, or alterations
in spinal loading with subsequent adjacent vertebral body
fractures. These issues have to be addressed in the
development of innovative products. A study from Polikeit
et al. (2003) showed a significantly reduced alteration on
vertebral endplate deflection behavior during loading using
a modified PMMA material (Boger et al., 2009a) that had a
Young’s modulus of around 1000 MPa. Therefore a Young’s
modulus of 800–1200 MPa, which is well above the bulk
modulus of cancellous bone (100–500 MPa), could lead to
sufficient fracture stabilization and a significant reduction
in the alteration of spinal loading. Hence, bone marrow
modified cement with a Young’s modulus of 740–1280 MPa,
could be suitable to reinforce cancellous bone. Additionally
the material has to provide a sufficient fatigue performance,
which generally improves with higher yield strength values.
The yield strengths of the cement modifications presented in
this study ranging from 40 to 20 MPa were significantly higher
than that of cancellous bone (1–7 MPa) (Banse et al., 2002) and
therefore such a material might be suitable for cancellous
bone augmentation without long-term deterioration. The
reduced strength of the cement modifications might be
partly compensated due to the altered advantageous failure
behavior in comparison to the regular cement. Corresponding
to the yield strength, cement with added bone marrow
tended to a larger deformation, related to the reduced
Young’s modulus, at a given stress and showed no drop in
stress after reaching the yield point. Therefore the modified
cement showed a more ductile behavior. On the contrary the
regular cement showed a more brittle failure behavior with
a clear drop in stress after reaching the yield limit (Fig. 5).
However, conclusions on fatigue performance could only
be made after detailed fatigue testing under physiological
conditions. The question of whether or not a fracture of the
adjacent vertebral bodies can be avoided with such materials
requires further biomechanical and clinical investigation
using adapted implant materials such as those in this study.
If such investigation shows that the strength is too low for
clinical application, a compounding of fillers like glass fibers
as demonstrated by Puska et al. (2003, 2004) would be a very
promising method for receiving higher strengths.

Due to the industrial relationship of co-authors, we
would like to state that the characterization of the cement
modification techniques presented herein absolutely does not
allow the generation of conclusions on clinical performance
and safety e.g. fatigue properties, monomer release, particle
release and leachables. Further tests have to be performed
to demonstrate the long-term mechanical stability of the
investigated material and to evaluate the survival of the
osteoprogenitor cells incorporated into the PMMA cement,
which is thought to be fundamental for an increased
bioactivity of the new cement modification.

5. Conclusion

Blending freshly harvested bone marrow into PMMA cement
combines several advantageous effects such as higher initial
viscosity, lower polymerization temperature, mechanical
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properties closer to physiologic values, and high potential of
increased bioactivity, all resulting from an easily applicable
method. In conclusion, it can be stated that the presented
bone cements could potentially be useful for reinforcement
of osteoporotic cancellous bone in general.
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Assessment of Intraosseous Femoral Head Pressures During
Cement Augmentation of the Perforated Proximal Femur

Nail Antirotation Blade
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Objectives: The benefits of cement augmentation with fixation of
osteoporotic pertrochanteric fractures have been previously demon-
strated. The objective of this study was 3-fold: (1) To quantify the
intraosseous pressure produced during cement augmentation of the
perforated proximal femoral nail antirotation (PFNA) blades; (2) To
assess whether the pressure generated is influenced by the injection
rate; and (3) To assess the amount of force applied during the injection.

Methods: Six pairs of human cadaveric femurs were used in the
study. A basicervical osteotomy was performed, and the heads were
instrumented with the PFNA blade. Each pair was randomly
assigned into 1 of 2 groups: slow versus rapid injection with
polymethylmethacrylate (PMMA) cement. In the slow group, the
augmentation was performed using 6 consecutive 1 mL injections,
each over 10 seconds. In the rapid group, each 1 mL injection was
performed over 5 seconds. For intraosseous pressure measurements,
transmitters were inserted to a depth of 5 mm at both the superior
and inferior apices of the head. The reaction forces on the syringe
were measured as well.

Results: There were no significant differences between the slow
and rapid injection rates with respect to the peak pressures measured
at the 6 time points immediately after cement injection. In both
groups, elevations in pressure were transient and returned to baseline
values within 30 seconds. The highest pressure recorded in the slow
group was 37.3 and 30.7 mm Hg in the rapid group. The force
required after each sequential injection increased in both groups;
however, significantly higher forces were required to inject cement
over 5 than 10 seconds (P = 0.036).

Conclusions: This in vitro model is the first one to demonstrate
that femoral head cement augmentation is associated with a small
transient increase in intraosseous pressure with sequential fast and
slow 1 mL injections of up to 6 mL PMMA. We conclude that
cement augmentation of the perforated PFNA blade carries a low
risk of pressure-induced avascular necrosis.

Key Words: cement augmentation, femoral head, intraosseous
pressure, osteoporosis, pertrochanteric hip fractures, PFNA

(J Orthop Trauma 2014;28:398–402)

INTRODUCTION
The biomechanical advantage of polymethylmethacry-

late (PMMA) cement augmentation for fixation of osteopo-
rotic hip fractures with proximal femoral fixation devices has
been demonstrated in both in vitro and clinical studies.1–6

Moreover, the safety of PMMA augmentation has been stud-
ied. Small amounts of cement ranging from 3 to 6 mL cause
an insignificant increase of temperature around the cement
cloud.7,8 If cement augmentation techniques are going to
increase in popularity, the orthopaedic surgeon ought to be
aware of the possible consequences linked to injection rates
and forces used during the procedure.

Osteonecrosis or avascular necrosis (AVN) of the hip
is a progressive devastating disease that leads to femoral
head collapse; it often develops within 2–3 years after an
insult such as trauma. In early stages of the disease, before
head collapse, core decompression of the femoral head is the
most widely used procedure that attempts to relieve intra-
osseous pressure in the femoral head and restore the blood
supply.9 Kiaer et al10 have previously demonstrated that
mean intraosseous pressures of 47 mm Hg are associated
with AVN of the femoral head. It is therefore crucial to
ensure that femoral head intraosseous pressures do not
exceed critical pressures during the augmentation procedure.
Intravertebral pressure measurements during vertebroplasty
demonstrate no correlation between trabecular bone density
and maximum generated pressures in both intact and simu-
lated tumor vertebrae.11 Reidy et al, however, did find a cor-
relation between the vertebral body size and the maximum
generated pressure. Maximum intravertebral pressures were
also directly related to the amount of cement injected;
thus, minimizing the amount of injected cement during ver-
tebroplasty also reduces pressurization.

There are as yet no published data quantifying the
pressure produced within the femoral head during cement
augmentation. The objective of this study was 3-fold: (1) To
quantify the intraosseous pressure produced during injec-
tion of cement through the perforated proximal femoral nail
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antirotation (PFNA) blade into intact femoral heads; (2) To
assess whether the pressure generated is influenced by the
injection rate; (3) To assess the amount of force required by
the surgeon during the injection.

MATERIALS AND METHODS
Six pairs of fresh frozen (2208C) human cadaveric

femoral heads were used in the study. Bone mineral density
(BMD) was measured by peripheral quantitative computed
tomography using an Xtreme-CT (SCANCO Medical AG,
Bassersdorf, Switzerland). A cylindrical area of 2 · 3 cm in
the center of the femoral head was evaluated, corresponding
to the target location of the helical blade and cement cloud.
BMD values were calculated (mg HA/cm3).1 AP and lateral
radiographs were also taken to calculate the femoral head
volumes, based on the assumption that the heads’ geometry
closely resembles a sphere. Radiographs were also used to
exclude the presence of lesions within the femoral heads. One
femur of each pair was randomly assigned into 1 of the fol-
lowing 2 groups: slow versus rapid cement injection with
Traumacem V+ (Traumacem V+, 07.702.040S; Synthes
GmbH, Oberdorf, Switzerland). In the slow group, the aug-
mentation was performed using 6 consecutive 1 mL injec-
tions, each over 10 seconds; in the rapid group, each 1 mL
injection was performed over 5 seconds.

Proximal femurs were thawed for 24 hours in 48C, and
a basicervical osteotomy was created using a circular saw. A
perforated PFNA blade was then placed into the optimal center–
center position using a standard technique by an experienced
surgeon, with the aid of an image intensifier.12 Close attention
was paid to avoid joint penetration with the guide wire. After
insertion of the blade, a guide wire was used to clean the
cannulation of the blade and ensure that no bony debris
remained within it.

The cartilaginous surface of the superior and inferior
apices of each head was then scratched and cleaned with
alcohol. Rubber pieces of 8 mm diameter and 2 mm thickness
were then glued on and allowed to dry. Samples were then
placed in a sealed bag in a 398C water bath for 30 minutes. A
1.6 mm K-wire was used to drill a hole in the center of each
rubber piece. The K-wires were inserted to a depth of 7 mm
into the head of each sample. To record the intraosseous
pressures, the K-wires were then taken out, and pressure
transmitters (Series 33X; Keller AG, Winterthur, Switzerland)
were inserted to a depth of 5 mm. The rubber pieces were
used to provide a seal around the pressure transmitters, which
were 1.6 mm in diameter as well. Each transmitter tubing was
flushed with hydraulic oil (Shell Tellus T46; Shell Lubricants
Maagtechnic, Dätwyler Schweiz AG, CH-8600, Dübendorf,
Switzerland) before and after their insertion into the femoral

FIGURE 1. A, Photograph of the
experimental setup. B, Close-up.
Editor’s note: A color image ac-
companies the online version of this
article.

FIGURE 2. X-rays taken after cement augmentation. Pins were
used as reference markers to identify the location of the
pressure transmitters.
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head. The samples were then soaked in the 398C water for
5 seconds to ensure that all air escaped. They were then
placed in a custom-made jig on an Instron material testing
machine (Instron 5866; Instron, Norwood, MA). A heat lamp
was used to prevent the warm samples from cooling down
(Fig. 1). The signal of the pressure transmitters was recorded
with the READ30/PROG30 software (Keller AG, Winterthur,
Switzerland) with a USB converter (K-104; Keller AG). The
sampling rate was set at 50 Hz.

The Traumacem V+ bone cement (Synthes GmbH) was
stored at room temperature before testing. It was mixed
according to the manufacturer’s recommendations. A side-
opening disposable commercially available cannula was used
for each test and inserted into the blade at full depth (Trauma
Needle Kit, 03.702.120S; Synthes GmbH). It was prefilled
with 3 mL of cement using the syringe provided in the kit.
At that point, the pressure transmitters were reset to zero. The

Instron machine was set to inject cement through the 1 mL
syringes in a standardized fashion, either over 10 seconds (slow
group, constant injection speed vi = 5.5 mm/s) or 5 seconds
(rapid group, constant injection speed vi = 11 mm/s). A 1 kN
load cell was used to contact the plunger and measure the
reaction forces during the injection procedure. The data record-
ing was performed at a rate of 20 Hz using Merlin software
provided by Instron Inc. This procedure was repeated 6 times
per sample at 1 minute intervals. After each injection, the
cannula was turned 120 degree to achieve an even distribution
of cement. After 3 injections, the cannula was withdrawn 5 mm
proximally. Last, one control experiment was conducted with-
out the bone and intraosseous pressure measurements to assess
the applied injection forces through the cannula and blade
alone, independent of the femoral head.

At the end of the procedure, small pins were inserted
into the pressure transmitters’ holes to be used as reference

FIGURE 3. A, Mean intraosseous
pressures (mm Hg, 6SD) recorded
from the inferior transmitter at the
6 sequential time points immediately
after cement injection. B, Mean in-
traosseous pressures (mm Hg, 6SD)
recorded from the superior trans-
mitter at the 6 sequential time points
immediately after cement injection.
There were no significant differences
within each group with respect to the
intraosseous pressure elevations at
the 6 different time points. There
were no significant differences
between the slow and fast injection
rates with respect to the peak pres-
sures measured at the 6 time points
immediately after cement injection
(P = 0.273 for the inferior transmitter
and P = 0.788 for the superior).
Editor’s note: A color image
accompanies the online version of
this article.
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markers. AP and lateral x-rays were then taken to ensure the
transmitters were not touching the cement cloud (Fig. 2).

Statistical analysis was performed using the SPSS
(IBM SPSS Statistics 19; IBM Corporation, Armonk NY).
P values ,0.05 were considered significant. After ensuring
normal distribution of the data with Shapiro–Wilk test, gen-
eral linear model repeated measurements were performed to
investigate peak pressure and injection force differences
between injection rates, and between successive injection vol-
umes. P values were corrected for multiple comparisons
according to Bonferroni. Multiple regression model was used
and Pearson correlation test was applied to analyze the depen-
dencies and correlations between BMD, femoral head volume,
peak pressures, and peak injection forces. Initially, paired
t tests were performed to confirm random distribution of the
specimens with respect to BMD and head volume.

RESULTS
The mean age of the donors (2 females and 4 males)

was 72.5 (range, 52–96) years. The mean BMD value in the
slow injection group was 176.6 mg HA/cm3 (641.2 SD) and
186.1 mg HA/cm3 (643.1 SD) in the fast group. There was
no significant difference in BMD and head volumes between
the groups (P = 0.148 and P = 0.580, respectively). The mean
tip–apex distance for the slow injection group was 22.4 mm
(62.4 SD) and 21.7 mm (62.5 SD) for the rapid group with
no statistical difference between the groups (P = 0.678).

Figures 3A and B demonstrate the intraosseous pressures
measured from the inferior and superior transmitters, respec-
tively. In both groups, elevations in pressure were transient
and returned to baseline values within 30 seconds. The highest
pressure recorded in the slow group was 37.3 versus 30.7 mm
Hg in the rapid group. There were no significant differences
within each group with respect to the intraosseous pressure
elevations at the 6 different time points (inferior transmitter:

slow group all P . 0.44, fast group all P . 0.35; superior
transmitter: slow group all P . 0.26, fast group all P . 0.12).
There were no significant differences between the slow and fast
injection rates with respect to the peak pressures measured at
the 6 time points immediately after cement injection (P = 0.273
for the inferior transmitter and P = 0.788 for the superior).

Figure 4 demonstrates the measured peak force applied
during cement injection using the Instron machine. The highest
force recorded in the slow group was 145 versus 194 N in the
rapid group. In the control experiment, the force required
remained below 100 N for all injections. In both the slow and
rapid groups, the force required after each sequential injection
significantly increased as compared with the force of the first
injection (P , 0.026, power . 0.995, a = 0.05; P , 0.019,
power. 0.995, a = 0.05, respectively). There was a significant
difference between the groups, as higher forces were required
to inject cement rapidly over 5 seconds (P = 0.036, power =
0.921, a = 0.05).

The multiple regression analysis model showed a strong
trend toward significant dependency between the mean values of
BMD and head volume on the one hand, and the average of the
peak pressures on the other (P = 0.054, adjusted R = 0.6), with
a significant correlation between increasing BMD values and the
mean of the peak intraosseous pressures (P = 0.019). No signif-
icant correlation was detected between the mean of the peak
pressures and head volumes (P = 0.09). Furthermore, no signif-
icant correlation was detected between the mean of the peak
forces applied during the injection and BMD or head volumes
(P = 0.64, P = 0.98, respectively). Last, no significant correla-
tion was detected between the applied force and the intraosseous
pressures in either group at any time point (all P . 0.05).

DISCUSSION
The findings of this study demonstrate that in an in vitro

model of femoral head cement augmentation through the

FIGURE 4. Mean peak forces applied
on the syringe (N, 6SD) during the
6 sequential cement injections. In both
the slow and rapid groups, the force
required after each sequential injection
significantly increased as compared
with the force of the first injection (P,
0.026, P , 0.019, respectively). There
was a significant difference between
the groups, as higher forces were
required to inject cement fast over 5
seconds (P = 0.036). Editor’s note: A
color image accompanies the online
version of this article.
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perforated PFNA blade, there is a relatively small transient
increase in intraosseous pressure with sequential 1-mL
injections of up to 6 mL. The pressures measured through
both the superior and inferior transmitters were independent
of the injection rate during the augmentation procedure. All
mean intraosseous pressures at all time points were below the
upper limit of normal (30 mm Hg), except 1 measurement that
transiently reached 37 mm Hg. Thirty seconds after augmen-
tation, the measured pressures returned to baseline. We
therefore believe that cement augmentation of the PFNA
blade carries a low risk of pressure-induced AVN.10,13–15

The applied force required during injection significantly
increases with each sequential injection, independent of the
pressure generated within the femoral head. Higher forces were
required for fast injections. This suggests that the force required
by the surgeon during the augmentation procedure is not a result
of increasing pressure within the femoral head; rather, the
increase in resistance that the surgeon experiences is due to the
confined distribution of the cement cloud, which is determined
by the bony trabecular morphology around the blade. The
cement, unlike the bone marrow fluid did not escape through the
osteotomy site. This finding is important because it ascertains
that the amount of force that has to be exerted by the surgeon on
the syringe should not be falsely interpreted as tactile feedback
of the pressures generated within the femoral head. Of note, the
cement used in the study was Traumacem V+; this new cement
formulation with medium to high viscosity allows the surgeon
additional time for augmentation before the cement hardens.

A significant correlation was only detected between the
generated intraosseous pressure measurements and BMD values.
This finding is reassuring, given the fact that most augmentation
procedures are indicated in elderly patients with low BMD; in
this patient population, the risk of generating clinically critical
intraosseous pressures is therefore low. It is important to
emphasize that the authors recommend cement augmentation
only in osteoporotic bone, where the surgeon feels minimal
resistance during the blade insertion. The experimental design
was specifically performed on osteoporotic bone, and we advise
against using this technique in young healthy patients.

One limitation of this study is the fact that it is performed
in vitro. During the augmentation procedure, the authors
observed bone marrow fat extravasation through the osteotomy
site. The osteotomy site permitted a “path” for pressure decom-
pression; this might explain the reason for the intraosseous
pressure measurement returning to baseline values so rapidly.
In vivo, the osteotomy site would correspond to the unstable
osteoporotic pertrochanteric fracture line. The design of this
study would not be applicable in instances where the surgeon
obtains an anatomic reduction with interfragmentory compres-
sion. Furthermore, other factors that could not be controlled for
by this study, such as the fracture hematoma or the hydrostatic
interstitial or intracapsular pressure, might have an additional
effect on the intraosseous pressures. Another limitation of the
study is the relatively low intraosseous pressures that were
measured, although 6 mL of cement were injected. This is
probably a result of the selected position for the pressure trans-
mitters. The authors purposefully decided to place the trans-
mitters more peripherally to avoid contact with the cement.
However, peripheral measurements might be slightly lower

than central pressures, as noticed in a study of intravertebral
pressure measurements during vertebroplasty.16 Last, we did
have a small sample size, and there was no randomization
between left and right, although the samples were paired.

In conclusion, this in vitro study demonstrates that the
intraosseous pressures generated during cement augmentation
of the femoral head are small and transient. The authors
believe that from a pressure perspective, in a setting of an
acute fracture, cement augmentation carries a low risk of
generating pressure-induced AVN. The increase in resistance
that the surgeon experiences through the syringe and cannula
is due to the confined distribution of the cement cloud within
the femoral head, which is determined by the bony trabecular
morphology; it is not linked to the intraosseous pressures.
Future studies should be aimed at measuring the intraosseous
pressures in vivo during an augmentation procedure.
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Background: The treatment of proximal humerus fractures in patients with poor bone quality remains a

challenge in trauma surgery. Augmentation with polymethylmethacrylate (PMMA) cement is a possible

method to strengthen the implant anchorage in osteoporotic bone and to avoid loss of reduction and

reduce the cut-out risk. The polymerisation of PMMA during cement setting leads, however, to an

exothermic reaction and the development of supraphysiological temperatures may harm the bone and

cartilage. This study addresses the issue of heat development during augmentation of subchondrally

placed proximal humerus plate screws with PMMA and the possible risk of bone and cartilage necrosis

and apoptosis.

Methods: Seven fresh frozen humeri from geriatric female donors were instrumented with the proximal

humerus interlocking system (PHILOS) plate and placed in a 37 8C water bath. Thereafter, four proximal

perforated screws were augmented with 0.5 ml PMMA each. During augmentation, the temperatures in

the subchondral bone and on the articular surface were recorded with K-type thermocouples. The

measured temperatures were compared to threshold values for necrosis and apoptosis of bone and

cartilage reported in the literature.

Results: The heat development was highest around the augmented tips of the perforated screws and

diminished with growing distance from the cement cloud. The highest temperature recorded in the

subchondral bone reached 43.5 8C and the longest exposure time above 42 8C was 86 s. The highest

temperature measured on the articular surface amounted to 38.6 8C and the longest exposure time above

38 8C was 5 min and 32 s.

Conclusion: The study shows that augmentation of the proximal screws of the PHILOS plate with PMMA

leads to a locally limited development of supraphysiological temperatures in the cement cloud and

closely around it. The critical threshold values for necrosis and apoptosis of cartilage and subchondral

bone reported in the literature, however, are not reached. In order to avoid cement extravasation, special

care should be taken in detecting perforations or intra-articular cracks in the humeral head.

� 2013 Elsevier Ltd. All rights reserved.
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Introduction

The introduction of proximal humerus locking plate contribut-
ed significantly to the improvement of fracture treatment results in
patients with poor bone quality.1–3 Nevertheless, there is still a
high rate of screw cut-out or malunion due to secondary fragment
displacement.1–3 The problem affects primarily the geriatric
patients and to a lesser extent younger patients who, for instance
* Corresponding author at: Department of Orthopaedic Surgery, Überlandstrasse
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due to corticosteroid therapy, suffer from osteoporosis. In the case
of proximal humerus fractures, various approaches have been
investigated in order to improve the operative results. One of the
possible methods is implant augmentation with polymethyl-
methacrylate (PMMA) cement. Especially in very old patients,
cement which does not resorb and allows immediate load bearing,
early mobilisation and stable fracture healing might be advanta-
geous. One drawback of PMMA, however, is the heat development
during cement curing and the possible risk of thermal bone and
cartilage necrosis and apoptosis. The question, whether the heat
released during cement augmentation of proximal humerus plate
screw tips increases the risk of bone and cartilage necrosis and
apoptosis, remains unanswered. The goal of this study was to
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Fig. 2. The custom made calliper was used for the determination of the screw length

and the exact positioning of the thermocouples opposite the perforated screws. (a)

Humeral head, (b) PHILOS plate with centering sleeve and (c) drill for

thermocouples.
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evaluate the temperature development in the cartilage and in the
subchondral bone of the humeral head during cement augmenta-
tion of proximal humerus plate screws.

Materials and methods

Seven fresh frozen human proximal humeri (four left side and
three right side) originating from female donors with a mean age of
74.1 years (range, 69–81) were used in this study. All samples were
scanned in an Xtreme-CT (SCANCO Medical AG, Bassersdorf,
Switzerland) prior to the experiments in order to obtain the bone
mineral density (BMD) values and to exclude the presence of
tumorous lesions or other cavities in the humeral head. Prior to
instrumentation, the samples were thawed overnight at 4 8C in a
refrigerator. Each specimen was instrumented with the proximal
humerus interlocking system (PHILOS) plate (Synthes GmbH,
Oberdorf, Switzerland) in a standardised manner by the same
surgeon. Six proximal screws were inserted according to the
manufacturer’s technique guide manual leaving a distance of 5 or
8 mm between the tips of the screws and the articular surface. Four
perforated and two conventional locking screws were used for
each specimen (Fig. 1a and b). For each sample, two perforated
screws were placed in alternating order with a distance of 8 mm to
the articular surface and the other two with a distance of 5 mm.
The two conventional screws were always placed with a distance
of 5 mm to the joint. To calculate the exact screw length and the
corresponding drill depth, a custom-made calliper was used4

(Fig. 2). A second custom-made measuring device was used to fix
stoppers on the drill according to the distance measured at each
screw location. This allowed the surgeon to safely drill to the
corresponding depth. In the next step, the drilling for the class 2 Ø
1-mm K-type thermocouples (Pico Technologies Ltd., St. Neots, UK)
through the articular surface was performed. The custom-made
calliper was used also to determine the position of the holes for the
thermocouples (Fig. 2). In total, six thermocouples were placed in
the humeral head:

- four thermocouples 2.5 mm under the articular surface opposite
each perforated screw,

- one thermocouple on the articular surface between the first four
thermocouples and

- one thermocouple 2.5 mm under the articular surface, 10 mm
distally to the four perforated screws.
Fig. 1. Humeral head instrumented with the PHILOS plate and augmented with

cement, X-rayed in a–p (a) and lateral view (b), the thermocouples were replaced

with metal pins.
The thermocouples were fixed in the bone with help of small
rubber slices which were stuck to the articular surface with
superglue (Fig. 3). The instrumented proximal humeri with
attached thermocouples were placed in a holding device and left
in a 37 8C water bath for 1 h prior to augmentation to allow
temperature equalisation. Thereafter, each of the perforated
screws was augmented with 0.5 ml of PMMA cement (Traumacem
V+, Synthes GmbH, Oberdorf, Switzerland) (Fig. 4), which was
mixed according to the manufacturer’s recommendation. After
cement injection, the augmented humeri were left for 1 h in a
water bath. Temperatures were recorded continuously at 1 Hz
from start of cement mixing until the initial temperatures were
reached again. After the test, the thermocouples were removed and
Fig. 3. Humeral head with attached thermocouples.



Fig. 4. Injection of 0.5 ml cement per perforated screw.

Table 1
Threshold values for necrosis/apoptosis of cartilage and bone.

Temperature (8C) Time (min) Effects on

cartilage

Effects on bone

45 15 Partial death11

48 10 Apoptosis13

50 5 Over 50% dead12

55 1 All chondrocytes

are dead8

56 0.13 Almost

50% apoptotic6

60 0.13 Almost

100% apoptotic6

65 5 Almost all

are dead12

42–45 10 Partial cell necrosis9

47 5 Partial cell necrosis7

48 10 Total cell necrosis9

50 1 Partial cell necrosis7

50 0.5 Partial cell necrosis10

Fig. 5. Boxplot of temperature measurements relative to the positioning of the

thermocouples. Group 1: thermocouples placed opposite augmented screws with

5 mm tip-articular surface distance. Group 2: thermocouples placed opposite

augmented screws with 8 mm tip-articular surface distance. Group 3:

thermocouples placed on the articular surface between the augmented screws.

Group 4: thermocouples placed 10 mm distally to the augmented screws.

M. Blazejak et al. / Injury, Int. J. Care Injured 44 (2013) 1321–1326 1323
the PHILOS plate was explanted. In place of the thermocouples,
small aluminium pins were inserted. Thereafter, the bones were
scanned again in the Xtreme-CT. Maximum temperatures from
each measurement were identified and the Xtreme-CT scans were
used to identify the exact location of each thermocouple with
respect to the cement cloud. The measurements were divided into
four groups according to the thermocouple placement:

- Group 1: measurements from thermocouples placed opposite
augmented screws with 5-mm tip-articular surface distance.

- Group 2: measurements from thermocouples placed opposite
augmented screws with 8-mm tip-articular surface distance.

- Group 3: measurements from thermocouples placed on the
articular surface between the augmented screws.

- Group 4: measurements from thermocouples placed 10 mm
distally to the augmented screws.

As the risk of thermal damage to osteocytes and chondrocytes
depends on the temperature and exposure time, both factors had
been taken into account in calculating the risk of cell necrosis and
apoptosis.5 The temperature/time values measured in the four
groups were compared to the critical temperature/time values
published in the literature at which bone and cartilage necrosis is
likely to occur.6–13 The relationship between the measured
temperature/time values and the published threshold values
was quantitatively expressed by the thermal necrosis index, TNI14:

TNI ¼ Exposure time of a tissue to temperature T

Threshold time for temperature T

If TNI is more than 1, then there is a high risk of irreversible
tissue damage.

The threshold values in the available literature were estimated
on the basis of various analytical methods. The older studies used
histochemical and microscopic analysis for evaluation of bone and
cartilage damage.7,10 More recent studies have been based on
sophisticated histochemical, immunohistochemical (terminal
deoxynucleotidyl transferase deoxyuridinetriphosphate nick end
labelling (TUNEL) assay) and microsopical (transmission electron
microscopy, TEM) analyses,13 confocal laser microscopy along with
staining with fluorescent markers12 and fluorescence activated cell
sorting (FACS)6,9,11 or on analysis of metabolic activity of bone
cells.8 A summary of the relevant threshold values from the
literature is given in a condensed form in Table 1.
Results

The BMD of the seven proximal humeri was 154 mgHA cm�3 on
average with a standard deviation (SD) of 33. From a total of 42
temperature measurements (seven samples with six thermocou-
ples each), five were excluded due to detachment of thermo-
couples or problems with cement injection.

Fig. 5 summarises the maximum temperature values for the
four different thermocouple placement groups. The data were
analysed by calculating the mean, range and SD. The mean
maximum temperature for group 1 (screw tip-articular surface
5 mm) was 40.7 8C (range 38.49–43.54 8C, �1.7). The other three
groups reached significantly lower temperatures (p � 0.001). Group 2
(screw tip-articular surface 8 mm) showed temperatures of 38.6 8C
(range 37.31–39.82 8C, �0.8) and group 3 (articular surface) reached
37.8 8C (range 37.46–38.61 8C, �0.4). In group 4 (10 mm distally to
the perforated screws) no temperature above 38 8C was measured,
with a mean temperature of 37.3 8C (range 36.87–37.74 8C, �0.3). The
highest temperature, which was measured in group 1, amounted to
43.5 8C corresponding to a temperature increase by 18% (Fig. 6). The
temperature remained above 43 8C for 45 s and above 42 8C for 86 s.



Fig. 6. Temperature profile during and after augmentation in the specimen with the

highest recorded temperature (43.5 8C).
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Later radiograph and Xtreme-CT analysis showed that the thermo-
couple tip was surrounded by the cement cloud. The highest
temperature measured on the articular surface amounted to
38.6 8C and the longest exposure time above 38 8C was 5 min and
32 s. The measurements carried out in the Xtreme-CT after the
explantation of the PHILOS plates showed also that most (13) of the
thermocouples from groups 1 and 2 were surrounded by the cement
clouds, two thermocouples remained exactly on the cement–bone
border and only few (four) thermocouples stayed in the subchondral
bone, beyond the cement clouds. The maximal measured tempera-
ture at the cement–bone interface amounted to 39.1 8C The highest
temperature measured by the thermocouples, which remained out of
the reach of injected cement, amounted to 39.8 8C. The results of these
measurements are presented in Fig. 7.

Discussion

Most of the proximal humerus fractures are minimally
displaced, low-energy osteoporotic fractures. More than 80% of
the proximal humerus fractures can be effectively treated
conservatively, especially in elderly patients with low expecta-
tions, patients with significant co-morbidities and patients with
minimally displaced fractures.15 However, the non-operative
treatment of some fractures has resulted in a poor outcome. This
group comprises younger patients, or active older patients, with
fractures in which the tuberosities are displaced more than 5 mm,
shaft fragment(s) are displaced more than 20 mm and/or the head
Fig. 7. Distribution of maximal temperatures registered by the ind
fragment angulation is >458. Various studies confirm good
operative results in these patients, but they indicate also the
unsolved problem of screw cut-out and loss of reduction,
particularly in patients with osteoporosis.1–3 Some surgeons
propose to strengthen the implant anchorage by bone augmenta-
tion with an intramedullary fibular graft.16 Another approach is
augmentation of the humeral head with calcium phosphate
cement.17 In a recent in vitro study, Unger et al. augmented the
proximal screws of the PHILOS plate with 0.5 ml of PMMA per
screw and confirmed a significant improvement of implant
anchorage.18 The augmentation of the proximal screws enlarges
the load-bearing surface and diminishes the stress on the
trabecular bone. In the varus bending and axial rotation loading
test, the number of load cycles until failure increased by more than
50%. A concern is, however, the incidence of thermal bone tissue
necrosis and apoptosis due to the exothermic reaction of the
PMMA cement. The necrotic or apoptotic bone cells are replaced by
connective tissue, which has no mechanical competence and
cannot serve as a support for the implant. This can lead again to
aseptic implant loosening and loss of reduction.

According to Eriksson et al., bone exposure to temperatures of
50 8C for 1 min and 47 8C for 5 min leads to a partial necrosis, while
exposure to 47 8C for 1 min causes no necrosis at all.7 According to
Li et al., thermal necrosis and apoptosis of osteocytes are predicted
to occur when bone is exposed to temperatures in excess of 48 8C
for at least 10 min.9 After exposure to temperatures between 42
and 45 8C for 10 min, only partial cell death occurs and this is
mainly due to a protective cell mechanism conveyed by heat shock
protein 70. The comparison of the temperatures measured in this
study with the threshold values observed by Li et al. shows that the
highest measured maximal temperature of 43.5 8C would have to
last for 10 min to cause at least a partial necrosis and apoptosis of
osteocytes and chondrocytes. With 86 s above 42 8C, the highest
calculated TNI in this study amounted only to 0.15. The highest
temperature measured on the articular surface amounted to
38.6 8C and the longest exposure time above 38 8C was 5 min and
32 s. As there are no reports in the literature indicating that an
exposure of cartilage to the temperature of 38.6 8C for several
minutes can harm the chondrocytes, it can be assumed that the TNI
for cartilage after augmentation of perforated screws with 0.5 ml of
PMMA cement is close to 0. This confirms that the threshold values
for bone and cartilage necrosis and apoptosis have not been
exceeded and no tissue damage is to be expected when
augmenting the four most proximal screws of the PHILOS plate
with PMMA-based cement.

The relatively low TNI of 0.15 measured in this study results
from certain physical properties of materials and tissues. These are
mainly the heat conductivity of bone, cement and implant, the
ividual thermocouples with respect to cement–bone interface.
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amount and type of cement used and in an in vivo situation also the
bone vascularisation. Metals are very good heat conductors. The
heat conductivity of titanium, of which the PHILOS plate is made,
amounts to 22 W m�2 19 and of cancellous and cortical bone to
0.16–0.6 W m�2, depending on blood perfusion and water
content.20–22 Hence, most of the heat developed during PMMA
polymerisation is dissipated by the adjacent titanium. In the in vivo

situation, the additional factor reducing the TNI would be cooling
of the augmented humeral head by the circulating blood. The
humeral head is well vascularised; however, if the vessels have
been damaged by the fracture, the perfusion rate of the humeral
head diminishes and the osteocytes suffer additionally from
hypoxia, which makes them more sensitive to the heat of curing
cement.23 On the cellular level, the bone is additionally protected
by heat shock protein 70, which is released in situations of thermal
stress.9

In the literature, there are no data on the risk of thermal bone
tissue necrosis/apoptosis after augmentation of the PHILOS plate
with PMMA, as the technique is quite novel and it requires
validation in clinical studies. There are many studies dealing with
the use of supraphysiological temperatures in the shoulder joint
during thermal capsulorraphy, that is, surgical repair of a tear in
the shoulder joint capsule and the possible risk of glenohumeral
chondrolysis.24,25 In the capsulorraphy, however, the temperatures
in the shoulder joint may reach 65 8C and there is no implant,
which leads away the accumulated heat. Therefore, the thermal
effects of capsulorraphy cannot be compared to the thermal effects
during augmentation of the PHILOS plate with PMMA. Two
temperature studies are available for the implant augmentation
with PMMA in the proximal femur. Boner et al. augmented in vitro

dynamic hip screws (DHSs) with Vertecem and reported the
average peak temperature of 40.1 � 1.0 8C at the cement–bone
interface after augmentation with 3.0 ml of cement and of
41.7 8C � 1.2 after augmentation with 6.0 ml of cement.26 Fliri
et al. augmented in vitro the proximal femoral nail antirotation
(PFNA) blades with 3 ml of Vertecem V+ and reported the heat
development of maximally 41.2 8C at the cement–bone interface and
of maximally 38.7 8C in the surrounding bone region.27 These
temperature levels were, according to the authors, also much under
the critical values reported in the literature. In this proximal humerus
study, the highest measured temperature at the cement–bone
interface, which is so important for proper implant anchorage,
amounted to 39.1 8C and to 39.8 8C in the surrounding bone (Fig. 7).
The results of the experiments from this study correspond to the
results obtained by Boner and Fliri. Most of the heat released during
polymerisation of PMMA is dissipated by the implant and the rest
accumulates mainly in the cement cloud. Therefore, the temperatures
measured at the bone–cement interface, in the subchondral bone and
on the articular surface are below the critical values.

There is a potential risk of cartilage damage if the augmentation
leads to an intra-articular cement extravasation. In the case of a
substantial leakage, the cement will cure directly on the articular
surface. First, this would mean that the cartilage would be directly
exposed to supraphysiological temperatures and to the cytotoxic
influence of cement, which could substantially increase the risk of
glenohumeral chondrolysis. Second, the presence of cement in the
joint can cause direct mechanical damage to the cartilage and a
revision surgery can become necessary. Leclair et al. reported
about a case of rapid chondrolysis in the hip joint after
augmentation with 2.5 ml methylmethaacrylate of a benign
acetabular subchondral cyst in a 49-year-old patient.28 The
cement leaked from the cyst into the joint during augmentation
and cured directly on the articular surface. The extravasated
cement was removed arthroscopically 5 days after the augmenta-
tion with no signs of chondrolysis. However, 8 weeks later three-
fourth of the hip joint showed chondrolysis. Leclair suspected that
the cartilage damage was caused by the exothermic reaction
during cement curing directly on the articular surface and by the
toxic influence of the cement monomers. For this reason, no
cement augmentation should be performed in patients with an
intra-articular fracture and special care should be taken to
previously use contrast medium to detect possible leakage
pathways.

A practical observation made during the experiments showed
that drilling for the perforated screws must be as deep as the screw
length. The perforated screws are not self-threaded like the locking
screws. If the drilling for the hollow perforated screw is 2 mm
shorter than the screw length, it might get congested with the
cancellous bone during insertion and it makes the cement injection
much more difficult.

There is a limitation to this study. The cement applied in this
study (Traumacem V+) contains only 45% of polymerising PMMA.
The other parts are ceramic components, which cause no thermic
reaction. Many other bone cements are available and they may
differ from Traumacem V+ in the content of polymer ingredients,
which cause the exothermic reaction. For instance, Simplex
(Stryker Corporation, Kalamazoo, MI, USA) contains only 40% of
PMMA, Palacos (Heraeus Holding GmbH, Hanau, Germany) 50% of
PMMA and Optipac (Biomet Inc., Warsaw, IN, USA) 56% of PMMA.
Therefore, this study cannot exclude the logic that the polymeri-
sation of the cements containing more PMMA than Traumacem V+
might lead to higher temperatures than in this study. To our
knowledge, there are no reports in the literature on the use of other
cements in implant augmentation in proximal humerus fractures.

This study is a stepping stone in the process of development of a
new fixation technique in osteoporotic fractures of the proximal
humerus. Along with the study of Unger et al.18 which confirmed in
in vitro biomechanical experiments that the augmented proximal
humerus plate screws enhance the implant anchorage in
osteoporotic bone, this study confirmed through in vitro experi-
ments that the augmentation of screws with the PMMA cement
does not lead to a thermal necrosis of subchondral bone and
cartilage. Clinical studies are now needed to evaluate if augmented
screws increase the rate of fracture healing and improve clinical
outcome.

Conclusion

The study shows that the augmentation of the proximal screws
of the PHILOS plate with PMMA leads to a locally limited heat
development in the cement cloud and the surrounding tissue. The
critical threshold values for necrosis and apoptosis of cartilage
and subchondral bone are not reached. In order to avoid cement
extravasation, special care should be taken in detecting perfora-
tions or intra-articular fractures in the humeral head.
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Background: The optimal surgical treatment for displaced proximal humeral fractures is still controversial. A
new implant for the treatment of three-part fractures has been recently designed. It supplements the
existing Expert Humeral Nail with a locking plate. We developed a novel humeral cadaveric model and the
existing implant and the prototype were biomechanically compared to determine their ability in maintaining
interfragmentary stability.
Methods: The bone mineral density of eight pairs of cadaveric humeri was assessed and a three-part proximal
humeral fracture was simulated with a Greater Tuberosity osteotomy and a surgical neck wedge ostectomy.
The specimens were randomly assigned to either treatment. A bone anchor simulated part of a rotator cuff
tendon pulling on the Greater Tuberosity. Specimens were initially tested in axial compression and afterward
with a compound cyclic load to failure. An optical 3D motion tracking system continuously monitored the
relative interfragmentary movements.

Findings: The specimen stabilized with the prototype demonstrated higher stiffness (P=0.036) and better
interfragmentary stability (P valuesb0.028) than the contralateral treated with the existing implant. There
was no correlation between the bone mineral density and any of the investigated variables.
Interpretation: The convenience of this new IM-nail and locking plate assembly must be confirmed in vivo but
the current study provides a biomechanical rationale for its use in the treatment of three-part proximal
humeral fractures. The improved stability could be advantageous in particular when medial buttress is
missing, even in osteoporotic bone.

© 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Fracture of the proximal humerus is the third most common injury
in people over 65 years of age after hip and Colles´ fracture (Baron
et al., 1996). Most of these fractures are stable and can be successfully
treated conservatively (Court-Brown CM et al., 2002; Court-Brown
and McQueen, 2004; Hintermann et al., 2000; Lill and Josten, 2001;
Szyszkowitz and Schippinger, 1999) but about 20% of the patients
need surgical intervention. Nowadays the surgical treatment of two
and three-part proximal humeral fractures aims for a stable fixation
that preserves the blood supply to the fracture fragments and reduces
the risk of shoulder stiffness allowing early joint mobilization
(Hintermann et al., 2000; Kwon et al., 2002) but the optimal treat-
ment is still controversial. On one side angular stable plating with
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locking plates has proven to be an effective treatment option (Brunner
et al., 2009; Hirschmann et al., 2007; Plecko and Kraus, 2005;
Sudkamp et al., 2009) and minimal invasive technique has become
popular (Gallo et al., 2005; Gardner et al., 2004, 2005; Laflamme et al.,
2008). On the other side recent data support the use of intramedullary
nailing with new implants as promising alternatives (Gradl et al.,
2007, 2009; Mihara et al., 2008). Recently a new implant, the Expert
Proximal Humeral Nail with Locking Plate for Humeral Nail (LPHN,
Synthes GmbH, Oberdorf, Switzerland), was designed for proximal
three or four-part humeral fractures. It combines an additional locking
plate with the existing geometry of the Expert Proximal Humeral Nail
(Expert PHN, Synthes GmbH, Oberdorf, Switzerland) (Fig. 1). The
rationale behind the additional plate is based on the assumption that
augmenting the existing humeral nailing system optimizes bone
purchase and leads to additional stability of the humeral head.

The purpose of this study is to assess if the new implant provides
more interfragmentary stability to a three-part proximal humeral
fractures when compared to the standard implant in a novel cadaveric
model. The information retrieved aims at providing a biomechanical
basis for the use of combined plate-nail implants in the treatment of
multi-fragmentary proximal humerus fractures.

http://dx.doi.org/10.1016/j.clinbiomech.2010.06.015
mailto:stefano.brianza@aofoundation.org
http://dx.doi.org/10.1016/j.clinbiomech.2010.06.015
http://www.sciencedirect.com/science/journal/02680033


Fig. 1. The Expert Proximal Humeral Nail with Locking Plate for Humeral Nail (LPHN, right) and the Expert Proximal Humeral Nail (Expert PHN, left). In the middle are two views of
the new implant.

Fig. 2. Surgical neck reference curves on a slightly externally rotated left humerus to be
instrumented with LPHN (posterior aspect): (1) the shaft axis, (2) a curve tangent to
the most inferior aspect of the humeral head cartilage and perpendicular to the shaft
axis, (3) a curve 10 mm distal to that curve and perpendicular to the shaft axis, (4) a
curve starting from the lateral cortex angled 15° to medial and cranial. Greater
Tuberosity's reference points and curves: (5) the nail entry point, (6) a curve through
the humeral anatomical neck parallel to the shaft axis and 10 mm far from the center of
the nail entry point, (7) fracture plane end point on the lateral cortex, (8) entry point of
the blade and (9) the shape of the LPHN implant. On the Greater Tuberosity the
simulated fracture can be recognized.
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2. Methods

Eight pairs of fresh frozen skeletally mature human cadaveric
humeri were obtained and anterior–posterior X-rays were performed
to exclude defects affecting the bone structure integrity. The bones
were frozen at −20 °C until further processing.

2.1. Bone mineral density measurement

The specimens underwent high-resolution bone densitometry
measurement (BMD, mg HA/cm3, 123 μm resolution) using three-
dimensional peripheral quantitative computed tomography (pQCT,
XtremeCT, Scanco Medical, Brüttisellen, Switzerland). The volume of
interest included those areas where the proximal parts of both
implants were to be placed during the following instrumentation.

2.2. Prototype features

Similarly to the Expert PHN the LPHN provides a fixed-angle blade
in the humeral head and an intramedullary load carrier that controls
micro movements at the metaphysis. The LPHN has a 23 mm large
square medical stainless steel additional plate restrained to the blade
through an angular stable locking system. The plate features at each
corner a hole hosting a divergent angular stable locking screw.

2.3. The biomechanical model

2.3.1. Specimen preparation
Prior to instrumentation, the specimens were thawed overnight at

4 °C in a refrigerator. During preparation, each specimen was covered
with a towel soakedwith saline solution and was periodically sprayed
to prevent desiccation. The bone pairs were randomly assigned to
treatment with either the Expert PHN or the LPHN. The order in which
the fixation was applied (Expert PHN versus LPHN) was similarly
randomized, but both specimens in each pair were instrumented on
the same day always.

All sampleswere prepared following the samefive steps: 1)marking
the reference points and curves on the surface of the bone, 2) per-
forming humeral neck osteotomy creating a lateral fragment (Greater
Tuberosity), 3) fixing a custom-made anchor to the lateral–posterior
sideof this same fragment, 4) anatomical reductionof the fragments and
fixationwith the Expert PHNor LPHN implant, 5) humeral surgical neck
wedge ostectomy creating the humeral head fragment 6) standardiza-
tion of the shaft length.

Step 1. The following two groups of reference points and curves
were drawn on each humerus using a skin marker (Devon® Skin
Marker, TYCO Healthcare LANE COVE, NSW 2066 AUSTRALIA):
Greater Tuberosity's reference curves and Surgical Neck's reference
curves (Fig. 2). Step 2. A microsagittal saw (Synthes Saw Blade 0.4 mm
thick, Synthes GmbH 4500 Solothurn, Switzerland) was used to create
a lateral fragment, including the Greater Tuberosity, following the
reference curves. Step 3. A custom-made anchor consisting of a 2 mm
bolt and two 9 mm external diameter washers was connected to the
lateral–posterior side of each Greater Tuberosity fragment after pre-
drilling with a 2 mm drill tip (Fig. 3). A nut and one washer laid
outside of the fragment and the screw's head and the second washer
inside. In order to improve the holding capability, each anchor was
augmented using PMMA (Polymethylmethacrylate, Beracryl, W.
Troller AG, Switzerland). Once the anchor was in place the bolt was
tightened once leading the inner washer to compact the cancellous
bone underneath. The bolt was then released and two 7 metric sutures
(TI•CRON 5, Syneture, Covidien Norwalk, CT 06856 USA) were
independently connected with surgical knots to that part of the bolt
protruding out of the bone and located under the external washer. One
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Fig. 3. Appearance of a left and right paired Greater Tuberosity fragments after insertion
of the custom-made PMMA augmented anchor. Anchor placement point was matched
between each pair, adapting its position to the shape of the LPHN plate drawn on the
lateral surface.

Fig. 4. Test set up: 1) load cell, 2) the 25° angulation of the sample, 3) the cardan,
preventing sample displacements and the rotation around the shaft axis, 4) custom-
made PMMA cup simulating the glenoid fossa (notice in the black circle the exterior
aspect of the notch that allowed free movement of the nail during testing), 5) custom-
made notched flange associated with rotational bearing, allowing decoupling the effect
of axial and torsional motions of the actuator, 6) The cable transmitting the machine
torsional actuator movements to the sutures, 7a and 7b) the two pulleys 8) the bone
anchor 9) initial direction of the pulling force acting on the anchor in a 110°degree to
the humeral shaft axis in themedial-lateral plane, a, b, c) marker sets rigidly fixed to the
humeral shaft, humeral head, and Greater Tuberosity fragment. The full white circle on
the humeral head is the reference point used to assess the fragments relative
displacements. On the left the references coordinate system is shown.
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milliliter of PMMA at the later hardening stage was applied underneath
the internal washer, towards the compacted cancellous bone. The bolt
was then retightened and the exceeding PMMA removed. Care was
taken not to have any part of the augmented anchor protruding medial
to the adjacent fracture plane in order to avoid any additional non-
physiological frictionbetween fragments. Step4. The randomly assigned
implant (Expert PHN or LPHN) was fully fixed following the manu-
facturer's recommendations including two parallel angular stable
locking screws distally. Step 5. The microsagittal oscillating saw was
used to perform a surgical neck wedge ostectomy following the most
distal and the 15° medially oriented Surgical Neck's reference curves.
Care was taken to remove any contact point between the humeral
head's fragment and the shaft. Step6. All the sampleswere reduced to an
equal length cutting the shaft perpendicular to its axis 70 mm distal to
the center of the most distal angular stable nail screw.

All the procedures, including drawings, osteotomy, augmentation,
implant fixation and ostectomy, were performed by the same surgeon
(M.P.). Fluoroscopy was used to check the length and position of the
implants at each step. Each humeral diaphysis was then embedded in
the PMMA perpendicular to the ground in a cylindrical stainless steel
base-plate up to 40 mm distal to the center of the most distal angular
stable nail screw.

2.3.2. Test set up
Biomechanical testing was performed on a biaxial servo-hydraulic

machine, MTS Mini Bionix II 858 (MTS Systems Corp., Eden Prairie,
MN) using a 4kN/20 Nm load cell (HUPPERT 6, HUPPERT GmbH,
Herrenberg, Germany). Each sample was restrained to the machine
with a 25° lateral angulation (Fig. 4) according to the measurement
range of Bergmann et al. (2007). Distally a cardan joint connected to
the stainless steel base-plate restrained all the sample displacements
and the rotation around the shaft axis. The load was applied on the
samples by means of a custom-made PMMA cup. An even load
distribution on the humeral head was provided via a cavity created in
the PMMA cup as negative of a plastic humeral head (5010 Humerus,
SYNBONE AG, 7208 Malans, Switzerland) simulating the glenoid.
Relative rotation of the cup and the humeral head was prevented
applying sand paper strips on that part of the cup in contact with the
sample. An adequate notch created in the cup, positioned above the
nail entry point, always guaranteed free movements to the nail during
testing. The PMMA cup was joined to the machine actuator by means
of a custom-made flange and transmitted to the samples the axial load
only. Rotational bearing associated with the custom-made flange in
fact allowed decoupling the effect of the actuator axial and torsional
movements. Once the sample was preloaded, rotations of the actuator
did not elicit rotations of the PMMA cup. The torsional actuator was
then used to independently generate the force pulling on the Greater
Tuberosity fragment via a cable. Fitted in a groove, one side of the
cable was anchored to the flange by means of a screw. The cable was

image of Fig.�3
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Fig. 5. Schematic depiction of the parameter of interest: the number of cycles till
arbitrary humeral head displacement failure criteria (green arrows); rotations (red
arrows) and translations (green arrows) of the humeral head and of the Greater
tuberosity assessed at 5000 and 10000 cycles time point in the loading history. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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passed through two pulleys during testing and connected to the two
sutures attached to the augmented bone anchor. The position of the
first pulley was such that the pulling direction of the first end of the
cable was always tangent to the flange and perpendicular to its axis of
rotation. The position of the second pulley was such that the initial
direction of the pulling force acting on the anchor inserted in the
Greater Tuberosity fragment was angled 110° to the humeral shaft
axis in the medial-lateral plane.

2.3.3. Loading patterns
All specimens were tested according to the following loading

patterns:

1. Axial stiffness test: axial loading until 200 N in displacement control
(0.02 mm/s).

2. Compound cyclic load till failure: increasing axial compression load,
applied at 1 Hz, in phase with pulling on the bone anchor. The axial
compression was a filtered interpolation of the pattern recorded by
Bergmann et al. (2007) on an instrumented shoulder prosthesis
during flexion movement. Starting from 200 N the maximum
(peak) of the curve was cyclically increased (Windolf et al., 2009)
(0.05 N/cycle) until failure while its minimum (valley) was kept
constant at 50 N during the entire test. The pulling force acting on
the anchor was controlled in angular displacement control and
torque detectors between 1 and 3 Nm. This torque range produced
a pulling force on the anchor ranging from 40 to 100 N. The test
was automatically stopped when 8 mm actuator axial displace-
ment was reached. At this stage the wedge ostectomy was almost
completely closed and every fixation clearly failed.

2.4. Data collection

2.4.1. Data machine
Displacement and load were recorded from the MTS controllers at

64 Hz.

2.4.2. Fluoroscopy
At the beginning of the test and every 500 cycles until failure the

machine observed a two second pause in unloading (valley) condition
(50 N axial load, 1 Nm torque) in order to perform a fluoroscopic
assessment (43 kV, 10 mAs— Siemens, ARCO SI 100). The assessment
was performed with focus on the identification of the failure mech-
anism and to associate the loading history with the loss of fragments
fixation.

2.4.3. Measurement of the interfragmentary motion
During testing an optical 3D motion tracking system consisting of 5

ProReflexMCUdigital cameras (Qualisys AB, Gothenburg, Sweden)was
used to continuously track the three-dimensional relative motions of
the fracture fragments. Reflective marker sets were attached to the
humeral shaft, the humeral head and the Greater Tuberosity. Prior to
each test the tracking systemwas calibrated and a reference coordinate
systemwasdefined togetherwith thepositionof themostmedial aspect
of the surgical neck ostectomy, taken as reference point on the humeral
head (Fig. 4).

2.5. Parameters of interest

The construct stiffness was determined between 50 and 100 N on
the load-displacement curve via the machine data during the first test.
Matching those fluoroscopic images showing the first signs of construct
failure with the motion tracking data an arbitrary displacement as
failure criterion was defined. The following two datasets of variables
were calculated at the failure criterion, at 5000 and at 10000 cycles from
the motion tracking data in the reference coordinate system: Humeral
Head dataset and Greater Tuberosity fragment dataset (Fig. 5).
The former were the number of cycles until the failure criterion
and the humeral head displacements and rotations at 5000 and
10000 cycles. The displacements were calculated along the shaft axis
(x axis) and the rotations were calculated with respect to an anterior–
posterior axis passing through the humeral head and perpendicular to
the shaft axis (y axis) in unloading conditions (valley).

The latter were the rotations of the Greater Tuberosity fragment
around a medial-lateral axis passing through the humeral head and
perpendicular to the shaft axis (z axis) in unloading condition (valley)
at 5000 and 10000 cycles. The 5000th and 10,000th valleys followed
the peaks where the samples were respectively axially loaded with
450 N and 700 N in phase with 3 Nm torque applied to the cable. The
effect of the BMD on the variables of interest was investigated.

2.6. Statistical analysis

Datawere evaluatedwithMatlab (MATLAB 6.5.1®, TheMathWorks,
Natick, Massachusetts). After testing for normality, non parametric
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Table 1
Parameters of interest assessed testing eight pairs of cadaveric humeri instrumented
with either the standard or the new implant. Mean, standard deviation and
significance level of statistical test are reported.
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paired Wilcoxon Signed-Rank Test was chosen to assess differences
between groups concerning the investigated variables. Statistics were
performedwithSPSS (SPSS Inc 14.0, 2005, Chicago, Illinois). Significance
level of statistical tests was set at p≤0.05.

3. Results

The BMDwas not significantly different between groups (Table 1).
In one sample the bone around the custom-made anchor failed
immediately not leaving any chance for anchor replacement. For this
pair the compound cyclic load till failure ran with just axial com-
pression and only the Humeral Head dataset was included in the
statistical analysis.

The axial stiffness of the LPHNwas significantly higher than that of
the Expert PHN (P=0.036). A qualitative evaluation of the fluoro-
scopic images taken in unloading (valley) condition shows that
the failure mechanism observed in both types of implant was similar
and well reproducible throughout tests. Over a critical axial load, the
humeral head started sliding along the intramedullary nail due to
blade cutting through the cancellous bone. Once in contact with the
shaft the humeral head rotated towards medial, partially closing the
medial wedge shaped defect. Matching the fluoroscopic images with
themachine data we set the arbitrary failure criterion to 3 mm. At this
time point the intramedullary nail was already engaging the virtual
scapular–humeral joint and signs of cut-out were clearly visible in the
fluoroscopic images of all the samples. This failure mode detected via
fluoroscopy is similar to that observed in clinical cases with insuf-
ficient medial buttress and varus displacement of the humeral head
(Fig. 6). At the very end of the test the intramedullary nail was
protruding out of the humeral head in the virtual scapular–humeral
joint and the ostectomy was almost closed. The combined action of
the pulling suture and sliding of the humeral head produced a rotation
of the proximal aspect of the Greater Tuberosity fragment around the
z axis towards posterior.

Concerning the Humeral Head dataset, the number of cycles
necessary to reach the failure criterion was significantly higher with
the LPHN (P=0.012). The humeral head displacements were sig-
nificantly higher (P=0.012; P=0.018) with the Expert PHN fixation at
5000 and at 10,000 cycles. Concerning the head rotation, the angular
displacement recorded at 5000 cycles was not significantly different
between groups, while at 10,000 cycles the angular displacement was
significantly higher with the Expert PHN (P=0.018).

Regarding the Greater Tuberosity dataset, the rotation was not
significantly different between groups at 5000 cycles, whereas it was
significantly higher with the Expert PHN (P=0.028) at 10,000 cycles.

Under these test conditions no correlation between BMD and any
of the investigated variables could be observed.
4. Discussion

Three-part fractures of the proximal humerus are still a challeng-
ing problem (Esser, 1994a,b) for trauma surgeons in daily practice.
Although augmentationwith bone cement and bone substitutes, nails,
different plating techniques as well as blade plates (Egol et al., 2008;
Kitson et al., 2007; Kwon et al., 2002; Lill et al., 2003; Sanders et al.,
2007;Walsh et al., 2006;Weinstein et al., 2006) have shown favorable
results there is not a shared optimal surgical treatment for proximal
humerus poor bone quality multi fragment fractures. This deficiency
shows the potential need for an improvement in techniques and
instrumentations.
4.1. The biomechanical model

Currently there is no clearly defined and generally accepted model
for testing different internal fixation techniques and implants
designed for proximal humeral fractures. Although clearly over-
simplified compared to the clinical situation, in this study we propose
an easily reproducible biomechanical model that resembles some in
vivo loading and restrain conditions. We standardized the fracture
patterns using reproducible reference curves, osteotomies and
ostectomy performed with a microsagittal saw. In example, the
purpose of the wedge ostectomy was to simulate a comminuted
metaphyseal fracture with deficient cortical support on the medial
side. Imitating the Glenoid, the PMMA cup introduced no further non-
physiological constraint, leaving at the same time room for proximal
intramedullary nail migration and free access to the Greater
Tuberosity. Previous humeral fracture models and relative fixation
methods have been subjected to awide variety of testing conditions in
earlier biomechanical studies. Applied as a single cycle, cyclically or to
failure, the loading ranged from standard patterns (Foruria et al.,
2010; Kitson et al., 2007; Koval et al., 1996; Sanders et al., 2007; Seide
et al., 2007; Weinstein et al., 2006) (torsion, axial or ab-axial load and
cantilever bending) to more complex patterns simulating shoulder
abduction moving the humerus (Kwon et al., 2002) or acting on the
remnant of rotator cuff tendons (Walsh et al., 2006). By effectively
decoupling the effect of the actuator we were able to apply axial load
and torsional motions in phase and to control two independent
loading patterns. With the 25° lateral angulated axial pattern we
simulated one of the most sever resultant directions of the gleno-
humeral compressive forces according to Bergmann's (Bergmann
et al., 2007) measurements during different exercises (between 14°
and 31° in the frontal plane). To the authors knowledge this is the first
proximal humeral fracture model where the actuator was driven
progressively increasing a load-time glenohumeral contact force curve
recorded in vivo. Restraining the samples with a 25° lateral angulation
this model put thus the implants under severe test pointing out their
efficacy in stabilizing simulated proximal humeral fractures. With the
second loading pattern we simulated the destabilizing effect of a part
of a rotator cuff tendon on the Greater Tuberosity. The applied pulling
force, set according to the assessment of Favre (Favre et al., 2005),
resulted in a maximum torque moment on the humeral head of
approximately 3 Nm, comparable to that measured in vivo (Bergmann
et al., 2007).

Unlabelled image


Fig. 6. Three moments of the loading history in one pair of samples. The different implant geometry, the fracture planes, the optical markers position and the PMMA cup internal
structure can be easily appreciated.
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4.2. The axial stiffness and compound cyclic load till failure tests

The data collected demonstrate that combining the Locking Plate
for Humeral Nail with the existing geometry of the Expert PHN
significantly increased the constructs' stiffness and improved the
initial stability of the reconstructed simulated proximal humeral
fracture. The failure mode observed in the compound cyclic load test
confirmed that one of the main limiting factors in proximal humeral
fracture fixation is the implant cut-out through the head's cancellous
bone. This is especially true in osteoporotic bones where the weakest
point of the whole construct is the implant-bone interaction. Despite
our simplified and incomplete simulation of the action of the rotator
cuff tendons the final position of the Greater Tuberosity fragments
somehow reproduced the clinical situation although no major
posterior-superior displacement of the Greater tuberosity was ob-
served. The analysis of interfragmentary motion showed that LPHN
offered superior stability both in the Humeral Head and in the Greater
tuberosity fragments. The different geometry of the implant assembly
and the increased number of fixation points could be the key factor
slowing down the plastic deformation process distributing more
evenly the stress on the fragments' cancellous bone.

Despite we did not find any correlation between BMD and the
investigated variables better stability can be expected also instru-
menting osteoporotic bones with an implant able to share stresses
more evenly.

4.3. Study limitations

We built an oversimplified model trying to simulate the physio-
logical conditions of three-part proximal humeral fractures but we are
aware that the shoulder is a much more complex joint. We recognize
that keeping constant the direction of the resultant axial force acting
on the humeral head might not exactly reproduce the physiological
loading. Trying to simulate a destabilizing force on the Greater
Tuberosity fragment we applied a concentrated force of arbitrary
magnitude that scarcely resembles the action of the entire rotator cuff.
Collecting bones with a narrow range of BMD we were not able to
assess which implant offers the best performances when used to fix
osteoporotic fractures. The cadaveric model does not provide in-
formation about the effect of soft tissue dissection with possible
devascularization of the osseous fragments.

5. Conclusion

In this study we propose a reproducible three-part humeral fracture
cadaveric model and we address a compelling question concerning
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internal fixation. We have shown that fixing three-part proximal
humeral fractures combining the Expert Proximal Humeral Nail with a
new Locking Plate for Humeral Nail improves interfragmentary stability
in a cadaveric model. The significant decrease of varus displacement of
the articular fragment in the LPHN group is a convincing advantage of
this new device, mainly when there is a lack of medial column support
(Gardner et al., 2007). The results of thepresent study arepromising and
provide a good biomechanical basis for the use of combined plate-nail
implants in the treatment of multi-fragmentary proximal humerus
fractures. However the ultimate advantage of this new implant
assembly has to be determined in vivo.
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DensiProbe Spine
A Novel Instrument for Intraoperative Measurement of Bone
Density in Transpedicular Screw Fixation

Stephan Deckelmann,*† Ronald Schwyn,* Bas Van der Pol,‡ Markus Windolf,‡
Paul F. Heini, MD,§ and Lorin M. Benneker, MD§

Study Design. Cadaver study.
Objective. To determine bone strength in vertebrae by

measuring peak breakaway torque or indentation force
using custom-made pedicle probes.

Summary of Background Data. Screw performance in
dorsal spinal instrumentation is dependent on bone
quality of the vertebral body. To date no intraoperative
measuring device to validate bone strength is available.
Destructive testing may predict bone strength in trans-
pedicular instrumentations in osteoporotic verte-
brae. Insertional torque measurements showed varying
results.

Methods. Ten human cadaveric vertebrae were eval-
uated for bone mineral density (BMD) measurements by
quantitative computed tomography. Peak torque and in-
dentation force of custom-made probes as a measure for
mechanical bone strength were assessed via a transpe-
dicular approach. The results were correlated to regional
BMD and to biomechanical load testing after pedicle
screw implementation.

Results. Both methods generated a positive correla-
tion to failure load of the respective vertebrae. The corre-
lation of peak breakaway torque to failure load was r �
0.959 (P � 0.003), therewith distinctly higher than the
correlation of indentation force to failure load, which was
r � 0.690 (P � 0.040). In predicting regional BMD, mea-
surement of peak torque also performed better than that
of indentation force (r � 0.897 [P � 0.002] vs. r � 0.777
[P � 0.017]).

Conclusion. Transpedicular measurement of peak
breakaway torque is technically feasible and predicts re-
liable local bone strength and implant failure for dorsal
spinal instrumentations in this experimental setting.

Key words: osteoporosis, pedicle screw cut-out, bone
strength, breakaway torque, indentation force, regional
bone mineral density, spinal fixation, dorsal instrumenta-
tion. Spine 2010;35:607–612

Osteoporosis is a skeletal disease that affects our popu-
lation in a growing manner. In 2003, in Germany, the

prevalence was 7.8 million people out of 80 million in-
habitants, thereof 6.5 million women.1 Weak bone stock
in osteoporosis results in fractures, which mostly occur
in the spine, the distal radius, and the proximal femur.2

Transpedicular fixation in spinal fractures, degenera-
tive changes, or deformities is a well-established proce-
dure. In osteoporotic bone, however, this happens to be
a major challenge. Rates of failure because of loosening
at the insufficient screw-bone interface (“cut-out,”
“back-out”) in weak bone stock are reported to be 0.8%
to 17%.3–5

While planning pedicle screw instrumentations the
spine surgeon is at best provided with preoperative in-
formation about the bone quality by radiographs, dual
energy radiograph absorptiometry (DXA), or quantita-
tive computed tomography (QCT). The relevant densi-
tometric information, however, only generates indirect
evidence of the local bone strength and resulting screw
purchase. Bone mineral density (BMD) as evaluated by
DXA or QCT only explains about 60% of the variance in
strength of trabecular bone.6 Factors such as bone archi-
tecture, bone dimension, degree of mineralization, and
rate of bone remodelling that also contribute to bone
strength7 are so far not routinely evaluated. The judg-
ment of pedicle screw purchase is mostly generated
through the subjective tactile feeling the surgeon gets
during cavity creation through the pedicle. In case of
deficient bone strength with the possibility of screw loos-
ening accessory augmentation with bone cement could
be applied.8

From a material science’s view the load-carrying
behavior of bone can be described using 4 mechanical
terms, which can be determined in a destructive load
test: ultimate force (strength), resilience, stiffness, and
toughness.9 Bone strength resembles the ultimate force
resulting in fracture. Several different destructive test-
ing methods are conceivable like compression of bone
cylinders, probe indentation or twisting, or screw
pull-out.

Suhm et al reported on the determination of trabecu-
lar bone strength of the proximal femur by means of an
in situ mechanical test in vitro and in vivo, measured
with torque to breakaway of an inserted blade.10,11

Based on these studies, we compared 2 methods of
local bone strength evaluation in vertebrae. Using cus-
tom-made pedicle probes breakaway torque and in-
dentation force were assessed in their ability to predict
pedicle screw failure in a cadaveric bone study.
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Materials and Methods

Ten fresh frozen cadaveric lumbar vertebrae (6, L2; 4, L3) were
used for testing. The body donors consisted of 7 men and 3
women with an average age of 81.9 years (range, 72–90 years).
Mean body size was 163 cm (145–186 cm), mean body weight
63 kg (43–81 kg), and mean body mass index (BMI) 23.7
kg/m2 (16.4–30.1 kg/m2). The use of the human specimens for
scientific purpose was approved by the local ethical committee.

Preliminary radiograph studies showed no fractures, scoli-
otic deformations or neoplasms.

Before and in between the different tests the specimens
were stored at �20°C. Before testing the specimens were
allowed to reach room temperature for 24 hours. While de-
frosting and during testing the specimens were kept moist
with saline solution.

QCT Analysis
Following preparation of the vertebrae, the endplates were
embedded in polymethylmethacrylate (PMMA) in such man-
ner that 2 plane-parallel surfaces were created. Thereby a
reproducible purchase in the computed tomography (CT)-
holder could be established. Also 3 titanium beads of 2 mm
size were embedded as CT markers. Before imaging in water
in a Plexiglass container (as soft tissue equivalent), the ver-
tebrae were submerged in saline solution and evacuated for
24 hours to eliminate air artifacts in QCT analysis.

Scanning was performed using a high resolution periph-
eral CT (XtremeCT) scanner (SCANCO Medical AG, Brüt-
tisellen, Switzerland) with a spatial resolution of 82 �m.
Attenuation data were converted to equivalent hydroxyap-
atite (HA) densities. Quality control (based on Shewhart’s
rules) was monitored by daily scans of a phantom containing
rods of HA (densities of 0, 100, 200, 400, and 800 mg
HA/cm3) embedded in a soft tissue equivalent resin (QRM,
Möhrendorf, Germany).

Global BMD inside the vertebral body was evaluated us-
ing the �CT Evaluation Program V6.0 of SCANCO Medical
AG, Brüttisellen, Switzerland. The areas of the respective
probe and pedicle screw positions within the vertebral bod-
ies were detected from the overlay of subsequent QCT scans
by MATLAB Software (The MathWorks, Natick, MA).
Therefore the regional BMD of bone cylinders the size of the
respective probe (19 � 3.8 mm for Torque Measurement
Tool [TMT], 15 � 2.8 mm for Indentation Measurement
Tool [IMT]) and cylinders of the pedicle screw tip (25 � 5.2
mm) could be evaluated individually.

Breakaway Torque and Indentation Force
Measurement

To determine bone strength 2 methods principally based on
local bone destruction were compared. One method mea-
sures breakaway torque of a custom-made probe with a
blade tip of 3.8-mm diameter and 19-mm blade length
(TMT). The other method measures indentation force of a
cylindrical probe with 2.8 mm diameter and 15 mm feed
(IMT) (Figure 1).

Preparation and measurement were conducted by one of the
authors, an experienced spine surgeon (L.M.B.). In both meth-
ods the pedicles were prepared using a pedicle awl (Synthes
Inc., Solothurn, Switzerland) to open the dorsal cortex and a
pedicle probe (Synthes Inc., Solothurn, Switzerland) to create
the cavity inside the pedicle. The preparation was halted when
reaching the anterior portion of the pedicle as indicated by
image intensifier (Siremobil, Siemens Medical Solutions, Zü-
rich, Switzerland). In that manner the bone stock of the ver-
tebral body was not compromised. The respective tool was
inserted and the method applied thus measuring in the un-
touched vertebral body where the subsequent pedicle screw
tip was to lie.

In case of torque measuring the TMT blade was pushed into
the bone with a hammer. When reaching the final position as
indicated by image intensifier it was rotated along its longitu-
dinal axis thereby measuring the breakaway torque with a cal-
ibrated torque meter (HDM 100, Hios Inc., Akiyama, Japan).
In case of indentation force measuring the resistance of the IMT
probe was measured with a load sensor (Burster, MTS, Schaff-
hausen, Switzerland).

In both methods the diameter of the created defects felt
clearly under the intended external diameter of subsequently
inserted 5.2-mm pedicle screws. After application of the respec-
tive method (TMT/IMT) the defect zones were marked by tita-
nium rods and a CT scan with a spatial resolution of 123 �m
was performed. In comparison with the initial CT scans this
provided an assessment of the probes’ location within the ver-
tebral bodies. The lower resolution was chosen because those
CT scans were only required for detecting the defect position,
not for BMD evaluation.

Pedicle Screw Instrumentation
After bone strength measurements 5.2-mm USS II titanium
pedicle screws (Synthes Inc., Solothurn, Switzerland) with
lengths of 40 to 50 mm depending on vertebral size were
inserted in the exact positions of previous TMT/IMT-
measurements, monitored by image intensifier. After instru-

Figure 1. Left, Indentation mea-
surement tool (IMT); Right,
Torque measurement tool (TMT).
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mentation another QCT scans with 123-�m resolution were
performed to determine the exact locations of the pedicle
screws within the vertebral bodies. Also axial radiograph
images were obtained by image intensifier to visualize the
depth of insertion of the pedicle screws. The point of load
transmission in the subsequent biomechanical testing was
defined midway between the 2 pedicle screw tips in the axial
images.

Biomechanical Testing
Load application was carried out in axial direction with the
point of force application in the center of the upper vertebral
endplate according to previously published test-setups.11

The instrumented vertebrae were embedded into blocks of
PMMA in the plane of the pedicle screws using custom-made
screw extensions that were mounted on the screw heads. The
PMMA blocks enabled the fixation in the holder of a dy-
namic load-testing machine (Mini Bionix 858, MTS Sys-

tems, Eden Prairie, MN) (Figure 2). In each vertebra the
distance between the point of load transmission and the
PMMA block was kept equal thus maintaining an equal
lever arm for the load testing. The load plunger of the Mini
Bionix was mounted on a cross-table to prevent shear forces
in a horizontal plane.

A sinusoidal load with a frequency of 2 Hz was induced.
Minimal load was set on 20 N, maximal load was started with
100 N and raised continuous to 800 N with an increment of
0.035 N per cycle.

After each 100 cycles a lateral radiograph image was
obtained load-coupled to monitor screw loosening. Screw
loosening was determined by the comparison of the position
of a pin fixed on the test jig and 1 fixed on the vertebrae as
shown by image intensifier. As cut-out criterion an increase
of the angle between those pins of more than 1° was defined
(Figure 3).

Statistical Analysis
Peak breakaway torque (measured by TMT) and peak inden-
tation force (measured by IMT) were correlated with failure
load and regional and global BMD by means of a t test. For
all groups Pearson correlation coefficient r was calculated to
identify correlations. Shapiro-Wilk tests verified the normal
distribution of those variables. Data were fed into SPSS
software for statistical analysis (SPSS 14.0, SPSS Inc., Chi-
cago, IL).

Results

Global and Regional BMD
Regional trabecular BMD in the area of pedicle screw
purchase was less than global trabecular BMD in the
whole vertebral body. Global BMD values of the ver-
tebral body as measured by QCT showed a wide range
of densities: 62.96 to 136.30 mg HA/cm3 (mean � SD:
91.49 � 25.26 mg HA/cm3). Regarding the torque
measuring cylinders (19 � 3.8 mm) the mean BMD
was 69.48 � 34.02 mg HA/cm3, in the cylinders of
indentation measuring (15 � 2.8 mm) 42.94 � 12.82
mg HA/cm3. Considering the areas of the pedicle
screw tips (25 � 5.2 mm) in the upper vertebral body
the mean regional BMD was 78.00 � 38.93 mg HA/
cm3 for the vertebra examined by TMT and 55.93 �
15.68 mg HA/cm3 for those processed with IMT.

Figure 2. Set-up for mechanical testing: The vertebra is loaded in
a caudocranial (axial) direction by the load-testing machine; the
pedicle screws are angle-stable fixed to PMMA blocks; in the
anterior cortex pins are inserted for better visualization of screw
migration.

Figure 3. Left, Lateral to oblique
image intensifier picture of un-
loaded vertebra; Right, Migration
of the screw tip relative to the
marker pins after cut-out.
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BMD is higher in the posterior parts of the vertebral
body than in the anterior parts where the screw tips
will be placed.

Breakaway Torque and Indentation Force
Peak torque values ranged from 0.16 to 0.50 Nm (mean
0.32 � 0.12 Nm). In two cases the value was below
detection limit of the torque meter of 0.10 Nm.

Indentation force values ranged from 64.80 to 117.00
N (mean 88.36 � 21.98 N). Due to technical failure of
the electronics of the IMT in one case no measurement
could be obtained.

Failure Loads in Biomechanical Testing
Cut-out of the pedicle screws was achieved in all speci-
mens. Failure loads ranged from 156 to 418.5 N (mean
256 � 77.5 N). One vertebra of the TMT group was lost
in testing as a result of technical problems with the Mini
Bionix testing device.

Torque Respective to Indentation Force and
Failure Load

Both probes generated a positive correlation to failure
load. A higher correlation of TMT’s peak breakaway
torque to failure load (r � 0.959, P � 0.003) than IMT’s
correlation of indentation force to failure load (r �
0.690, P � 0.040) could be established (Figure 4).

Torque Respective to Indentation Force and
Regional BMD

The regional BMD of the bone cylinders were also supe-
riorly predicted by the torque measurement compared
with indentation force measurement. In the TMT group
a highly significant correlation between peak torque and
regional BMD of r � 0.897 (P � 0.002) could be shown.
Also the IMT group still showed a significant correlation
of r � 0.777 (P � 0.017) of indentation force to regional
BMD (Figure 5).

Figure 4. Left, Relationship between breakaway torque and failure load; Right, Relationship between indentation force and failure load.

Figure 5. Left, Relationship between torque and regional BMD; Right, Relationship between indentation force and regional BMD.
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Bone Mineral Density and Failure Load
The global BMD of the vertebrae correlated signifi-
cantly to failure load with r � 0.832 (P � 0.005)
thereby reaching a coefficient of determination of r2 �
0.692, comparable with the reported value of r2 � 0.6
by Goulet et al.6 However, when taking the regional
instead of the global BMD at the area of the tips of the
pedicle screws into account, a coefficient of determi-
nation of r2 � 0.817 (P � 0.001) was reached, mean-
ing that 82% of variability in failure load of the pedi-
cle screws is explained by the regional BMD in bone
cylinders the size and the position of the first 25 mm of
those pedicle screws (Figure 6).

Discussion

Bone strength is the central parameter that influences
screw purchase in transpedicular instrumentations.
With increases in osteoporosis’ prevalence this factor
will gain even more interest. Several researchers were
able to find a high linear correlation between inser-
tional torque of pedicle screws12–14 and screw failure
in vitro, others could not establish such relation-
ship.15–17 The limitation of torque measurement in
continuous screw insertion lies in the subjectively de-
fined endpoint of maximum insertional torque.14 Fur-
thermore maximal insertion torque is not only depen-
dent on local BMD at the screw tip but also on pedicle
diameter and orientation relatively to the screw axis.
Destructive techniques leading to fracture of bone tra-
beculae like breakaway torque or indentation force
measurements create a distinct endpoint providing ob-
jectivity.10

In our study, peak breakaway torque was found to
be a reliable parameter to quantify trabecular bone
strength. There were high correlations between torque
measurement via TMT and screw failure load and also
to regional BMD. These findings are consistent with
studies by Suhm et al investigating peak breakaway

torque in the proximal femur.10,11 The respective cor-
relations in measurement of indentation force via IMT
were lower.

In our study, regional differences of BMD inside the
vertebral body could be shown with higher BMD values
in the posterior parts of the vertebral body. These fin-
dings of regional differences inside the vertebral body are
in accordance with the work of Banse et al, which found
regional BMD inside the vertebral body to be higher in
posterior and inferior regions compared to anterior and
superior regions.18 They reported the least dense area of
the vertebral body to be in a transverse zone anterior to
the pedicles, the area where pedicle screws typically are
positioned.

Another important finding of our study was that ma-
jor differences of measured torque respective indentation
force values exist within some vertebrae considering
both pedicle sides. This asymmetry in local BMD under-
lines the importance of site-specific local bone quality
determination, which is missed in a global BMD evalua-
tion by DXA or QCT.

As this study is the first so far to investigate BMD on
the exact pedicle screw position it was able to show that
82% of variability of failure load can be predicted by
local BMD of the site of the screw tips. This supports the
importance of measuring bone strength in that area. An-
other advantage of measuring in the vertebral body
solely is the avoidance of artifacts generated through the
pedicle passage. In narrow pedicles, the probes could
come into contact with cortical bone yielding falsely
evaluated bone strengths.

Although our results are highly significant the sample
size was relatively small and has to be reproduced in
further studies with more samples. We are also aware
that mechanical testing does not fully mimic the clinical
conditions where patient dependent factors as body
weight and distribution as well as location and length of

Figure 6. Left, Relationship between global BMD and failure load; Right, Relationship between regional BMD at the screw tip (first 25 mm)
and failure load.
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the instrumentation have a great influence for the success
of the procedure.

A future continuation of peak torque measurement in
vertebrae could be a combined instrument for measuring
bone strength and pedicle probes for cavity creation
(“finder”), thereby enabling the surgeon intraoperatively
to determine bone strength without the use of additional
instruments. This instrument could then provide an ob-
jective value in the decision to augmentation or exten-
sion of the pedicle screw instrumentation.

Key Points

● Pedicle screw cut-out is an increasing problem
because of incidence of osteoporosis.

● Bone strength can be determined by breakaway
torque or indentation force.

● Of the screw purchase strength variability, 82%
arises from regional differences in bone mineral
density.
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BRIEF REPORT

Ex vivo evaluation of the polymerization temperatures during
cement augmentation of proximal femoral nail antirotation blades

Ladina Fliri, MSc, Mark Lenz, MD, Andreas Boger, PhD, and Markus Windolf, Dipl. Ing.,

Davos, Switzerland

BACKGROUND: Previous studies have clearly demonstrated superior biomechanical behavior of augmented proximal femoral nail antirotation

(PFNA) blades compared with nonaugmented ones with respect to implant cutout. Nevertheless, there is concern about thermal

bone necrosis due to exothermic curing of polymethylmethacrylate (PMMA)-based bone cements. The objective of this study was

to quantify the temperatures arising around perforated titanium PFNA blades when augmenting with PMMA.

METHODS: Cylindrical samples from six pairs of fresh frozen human cadaveric femoral heads implanted with a PFNA blade were placed in

a 37°C water bath and augmented with 3 mL and 6 mL PMMA. During augmentation, temperatures were measured using six

K-type thermocouples that were placed at controlled distances around the implant. With the help of high-resolution quantitative

computed tomography images, the locations of all thermocouples with respect to the cement-bone interface were reconstructed.

RESULTS: No temperatures higher than 45°C were measured in the interface region and the surrounding cement-free cancellous bone. In the

same regions, the longest exposure time above 41°C was 8.5 minutes and was measured in a 6-mL sample. Average maximum

temperature was significantly lower for the 3-mL group compared with the 6-mL group (p 5 0.017).

CONCLUSION: The results of this study suggest that augmentation of titanium PFNA blades is not associated with a risk of thermal bone necrosis

when using up to 6 mL of PMMA. However, larger amounts of cement lead to higher temperatures. PMMA application should

therefore be kept low to minimally alter the biological system. (J Trauma. 2012;72: 1098–1101. Copyright © 2012 by Lippincott

Williams & Wilkins)

KEY WORDS: Polymerization temperature; cement; implant augmentation; PMMA; thermal necrosis.

To reduce the cutout risk in the proximal femur, cement
augmentation is a potential method to strengthen the

implant purchase. Recent biomechanical studies1–3 have

clearly demonstrated a superior biomechanical behavior of

augmented proximal femoral nail antirotation (PFNA; Syn-

thes GmbH, Bettlach, Switzerland) blades compared with

nonaugmented ones. Also, first clinical applications in osteo-

porotic patients yield promising results.4 Nevertheless, there

is concern about thermal bone and cartilage necrosis due to

the exothermic curing of polymethylmethacrylate (PMMA)-

based bone cements. In another study, Boner et al.5 reported

no risk of thermal necrosis at the PMMA/bone interface or in

the surrounding bone, neither with 3 mL nor with 6 mL

PMMA, when using a standardized augmentation technique

for dynamic hip screw (DHS) fixation. The temperature distri-

bution around the implant, however, is mainly influenced by the

implant materials and their geometries, anatomic boundary con-

ditions like bone marrow or blood vessels, and by the heat

conduction of the involved materials and tissues.6 Therefore,

the findings obtained from the previous DHS screw study5

could not be transferred to the PFNA blade due to different
implant designs, materials, cement formulations, and appli-
cation techniques.

The objective of this study was to quantify the temper-
atures arising around perforated titanium PFNA blades when
augmenting with PMMA.

MATERIALS AND METHODS
Cylindrical samples (40 3 45 mm) from six pairs of

fresh frozen human cadaveric femoral heads were prepared
using a circular saw. Bone mineral density (BMD) of the
femoral head was obtained by high-resolution quantitative
computed tomography (Scanco Medical AG, Brüttisellen,
Switzerland). The specimens were assigned to two study
groups for a randomized left to right comparison: 3 mL
cement (n 5 6) versus 6 mL cement (n 5 6). After centric
insertion of the PFNA blade (perforated, TAN, 04.027.035S;
Synthes GmbH) using a custom-made jig, six 1-mm holes
were drilled radially around the tip of the implant at prede-
termined depths (15, 14, 13, 12, 10, and 8 mm deep) This
allowed tight fitting of six class 2 Ø 1 mm K-type (NiCr-Ni)
thermocouples at controlled different distances to the center-
line of the blade (Fig. 1). To avoid sliding out of the
thermocouples, rubber blocks were placed at the right depth
on the thermocouples and fixed to the sample with aid of a
fixation ring.
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To simulate physiologic conditions, the samples were
placed in a 37°C water bath with help of a custom-made
fixture. The bone cement (Vertecem V1, 07.702.016S; Syn-
thes GmbH) was stored at room temperature before testing.
Temperature recording using the six thermocouples was
started before cement mixing and maintained for the whole
injection procedure until cement curing. Cement was injected
with the help of 1-mL syringes in a standardized manner by
turning the cannula 120 degrees or 60 degrees, respectively,
after each injected milliliter. After cement injection, the
cannula was removed. Temperatures were recorded with 1 Hz
until they reached the start value again (approximately 3,500
seconds). After testing, thermocouples were removed and the
specimens were scanned again with high-resolution quantita-
tive computed tomography. Locations of all thermocouples
with respect to the cement cloud were reconstructed, and the
distance of each thermocouple tip to the cement-bone inter-
face (x) was calculated as shown in Figure 2. Thermocouples
were divided into three groups with different measuring
regions: cement region (x , 21 mm), interface region (21
mm # x # 1 mm), and bone region (x . 1 mm). Data were
statistically analyzed using parametric tests. The significance
level was set to a 5 0.05.

RESULTS
No statistical difference (p 5 0.875) was found for

BMD between groups (3 mL: 248 mgHA/cm3 [standard
deviation {SD}, 43]; 6 mL: 252 mgHA/cm3 [SD, 32]). The
highest temperature of the experiment was 45.5°C 6 2.6°C
(mean 6 SD) for the 6-mL group and 44.6°C 6 5.3°C for the
3-mL group and was measured inside the cement cloud. In
the interface region, the temperature was 42.3°C 6 1.5°C for
the 6-mL group compared with 40.1°C 6 1.1°C for the 3-mL
group. In the surrounding bone region, the temperatures were
40.1°C 6 1.1°C and 38.3°C 6 0.4°C for the 6-mL and 3-mL
group, respectively. The temperature drop from the cement to

the interface region was significant for both groups (p 5
0.002). For the 6-mL group, an additional significant temper-

ature drop was detected from the interface to the bone region

(p 5 0.005). Average peak temperature was significantly

lower for the 3-mL group compared with the 6-mL group

(p 5 0.017). Figure 3 shows the peak temperatures measured

with each thermocouple for both groups. No significant

relation between BMD and average peak temperature was

found, neither for the 3-mL (r 5 20.023, p 5 0.966) nor for

the 6-mL group (r 5 20.737, p 5 0.095).

Figure 2. Computed tomography section perpendicular to
the implant axis showing the measurement of the position
of a thermocouple with respect to the cement-bone
interface.

Figure 3. Maximum recorded temperature for each thermo-
couple with respect to its measuring position.

Figure 1. Schematic illustration of thermocouple placement
around implant in a cylindrical bone sample. Due to the dif-
ferent depths of the thermocouples, temperature values
from the bone, the interface, and inside the cement cloud
can be obtained.
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In the interface and bone region, the longest exposure
time above 41°C was 8.5 minutes and was measured in a
6-mL sample (Fig. 4).

DISCUSSION
We could demonstrate that at presence of 6-mL PMMA

cement around a perforated PFNA blade, no temperatures
above 45°C were reached in the bone region surrounding the
cement cloud or in the interface region between bone and
cement. However, latter temperatures were on average 2°C
higher when using 6-mL compared with 3-mL cement.

Eriksson and Albrektsson7 have shown that heating up
to 47°C for 1 minute severely impairs bone formation. Tem-
peratures in the range of 44°C to 47°C were regarded as the
threshold for impaired bone regeneration. When heating up to
50°C, necroses have been shown to occur already after 30
seconds.8 Li et al.6 could show that osteoblasts recovered
completely after being exposed for 10 minutes at 45°C but
showed irreversible necrosis if the temperature was kept at
48°C for 10 minutes. The critical locations where an irrevers-
ible damage of bone cells could potentially lead to implant
loosening are the interface region between bone and cement
and the cement-free cancellous bone. In our study, no tem-
perature remained for longer than 9 minutes above 41°C in
the interface and cement-free bone region. Only one thermocou-
ple within each group exceeded the critical value of 47°C. As in
both cases the latter measurements happened inside the cement
cloud, these temperatures should not be of any concern.

Our results are very similar to the ones found by Boner
et al.5 for augmented stainless steel DHS screws. Considering
the fact that titanium has a higher thermal conductivity than
stainless steel and for the used cement a lower maximal
polymerization temperature according to ISO 5833 was re-
ported9 than the one which was used by Boner et al., one
would expect lower temperatures. However, because in our
case the implant was already inserted when the sample was
put in the water bath to reach thermal equilibrium, a worst-
case scenario was investigated with the implant already

heated to 37°C. Furthermore, not only the implant material
but also its geometry and volume are crucial factors deter-
mining the potential of the implant to absorb generated heat.6

A DHS screw with its numerous thread flanks, for example,
offers a bigger surface to absorb the heat generated by the
cement than the helically shaped PFNA blade.

No correlation was observed between BMD and aver-
age peak temperature in the 3-mL group. For the 6-mL group,
however, a nonsignificant trend toward a negative correlation
was observed. In osteoporotic bone, for which the procedure
of implant augmentation is primarily indicated, slightly
higher temperatures might therefore be expected when aug-
menting with larger amounts of cement (6 mL).

A limitation of the study is the lack of temperature
measurements in front of the PFNA blade. Radiographic
analysis revealed some samples where a small cement vol-
ume was visible in front of the implant toward the articular
surface. As the thermocouples were placed radially around
the middle of the helical part of the blade, the temperatures in
this area remain unknown. Nevertheless, the amount of cement
located radially around the blade was generally larger than the
amount which penetrated in front of the implant and we there-
fore believe to have obtained sufficient data to evaluate the risk
for thermal damage during augmentation of PFNA blades in the
surrounding cancellous bone. The effect of cement application in
the subchondral area and its thermal effect on cartilage are not
clear and need further investigation.

In summary, the results of this study suggest that
augmentation of titanium PFNA blades to reinforce implant
purchase is not associated with a risk of thermal bone necro-
sis when using up to 6 mL of PMMA. However, it could be
demonstrated that larger amounts of cement lead to higher
polymerization temperatures, especially in low quality bone.
PMMA application should therefore be kept at a minimum to
alter the biological system to the least possible extent. As
nicely shown by several authors, 3 mL of cement is sufficient
to significantly enhance the cutout resistance in proximal
femur fractures treated with a PFNA.1–3
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ORIGINAL ARTICLE

Metaphyseal Screw Augmentation of the LISS-PLT Plate
With Polymethylmethacrylate Improves Angular Stability

in Osteoporotic Proximal Third Tibial Fractures:
A Biomechanical Study in Human Cadaveric Tibiae

Michael Goetzen, MD,* Tomas Nicolino, MD,* Ladina Hofmann-Fliri, MSc,*
Michael Blauth, MD,† and Markus Windolf , Dipl. Ing*

Objectives: The incidence of osteoporotic proximal tibial fractures
has increased during the last 2 decades. A promising approach in
osteoporotic fracture fixation is polymethylmethacrylate-based
cement augmentation of implants to gain better implant purchase
in the bone. This study investigates the biomechanical benefits of
screw augmentation in less invasive stabilization system–proximal
lateral tibial (LISS-PLT) plates in cadaveric extraarticular commi-
nuted proximal tibial fractures (OTA-41-A3.3).

Methods: Standardized extraarticular proximal tibial fractures were
stabilized with the LISS-PLT plate in 6 paired osteoporotic cadaveric
tibiae. Bone mineral density was measured with high-resolution,
quantitative computed tomography scans to identify bone quality. In
the augmented group, the 5 proximal screws of the LISS-PLT plate
were augmented with 1 mL of bone cement each, whereas the contra-
lateral tibia was instrumented conventionally as the control. Cyclic axial
loading was applied to each specimen with a starting load of 150 N,
using a ramp of 0.05 N per cycle to 10-mm axial displacement. Varus
displacement was identified from anterior–posterior radiographs.

Results: Bone mineral density showed no significant difference
between the 2 groups (P = 0.47). The nonaugmented group reached
9417 load cycles (SD 753) until failure, compared with 14,792 load
cycles (SD 2088) in the augmented group (P = 0.002). In the early-
onset failure (deformation at 8250 load cycles), varus displacement was
significantly smaller in the augmented group (0.46 degrees, SD 0.6)
than in the nonaugmented group (3.23 degrees, SD 1.7) (P = 0.01).

Conclusions: This biomechanical study showed that cement
augmentation of the LISS-PLT plate screws in osteoporotic proximal
extraarticular tibial fractures significantly lowers the propensity
toward screw migration and secondary varus displacement.

Key Words: osteoporotic fracture, proximal tibia, augmentation,
bone cement, PMMA, LISS-PLT

(J Orthop Trauma 2014;28:294–299)

INTRODUCTION
Age- and gender-specific analysis of tibial fractures

demonstrates a bimodal incidence, with 1 peak in young men
and another peak in older women.1–3 A relative shift toward
more elderly patients seems to be taking place: In an earlier
epidemiological study in which data were collected on tibial
fractures between 1988 and 1990, 69% of the injuries resulted
from high-energy trauma and only 19% from falls of standing
height.2 In a 2008 publication, however, 48% of the fractures
were caused by high-energy trauma and 33% sustained after
a fall from a standing height.4

Many investigations have reported improved fracture
fixation of proximal tibial shaft fractures in young patients.5–7

However, in a meta-analysis that included studies of patients
with a mean age ranging from 32 to 49 years, a malunion rate of
11% and nonunion rate of 4% for proximal extraarticular tibial
shaft and metaphyseal fractures were reported, regardless of the
fixation technique.6 The most common failure modes were sec-
ondary varus and anterior apex displacements.8,9 To the best of
our knowledge, no reports of complications in osteoporotic
extraarticular proximal tibial fractures are available. Because
of insufficient screw purchase in osteoporotic bone, malunion
rates will most likely be even higher.10,11 Elderly patients who
have poor tibial bone quality have especially high demands on
fracture fixation, with the need for immediate postoperative
mobilization to allow weight bearing as tolerated.12,13 There-
fore, it is essential to achieve the best possible screw purchase
and to prevent screw migration to guarantee axial alignment.

The only recommendation for osteoporotic fractures of
the proximal tibia is the use of angular stable implants. Another
approach to obtain superior implant purchase in osteoporotic
bone is the augmentation of implants with polymethylmetha-
crylate (PMMA)-based bone cement.14–16 This cadaveric study
investigates the augmentation of the metaphyseal screws of
the less invasive stabilization system–proximal lateral tibial
(LISS-PLT) plate (Synthes GmbH, Oberdorf, Switzerland)
with PMMA-based bone cement (Traumacem V+, Synthes
GmbH) and its potential to lower varus displacement resulting
from screw migration.

MATERIALS AND METHODS
Six pairs of fresh frozen (2208C) human cadaveric

tibiae with the lowest bone quality were chosen from a pool
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of 25 pairs from existing bone mineral density (BMD) and
dual-energy x-ray absorptiometry (DXA) data. Of the 6 cho-
sen pairs, the average age was 90 years with an SD of 5 years
(range, 76–96 years). The average T score measured in the
distal epiphyses by DXA was 23.6 (SD 0.8). BMD was
calculated for each specimen from high-resolution, quantita-
tive computed tomography scans (XtremeCT; SCANCO
Medical AG, Brüttisellen, Switzerland) at the proximal meta-
physis to determine local bone quality and to rule out major
bone pathologic conditions. In addition, a breakaway torque-
measuring device (DensiProbe; AO Research Institute Davos,
Davos, Switzerland) was used to analyze bone stock at the
location of later screw placement before screw insertion.17

Pairs were divided so that one tibia of each pair was
randomly chosen for conventional instrumentation, whereas
additional augmentation of the proximal 5 screws of the
LISS-PLT plate was performed in the other tibia. For the
augmentation group, cannulated 4.5-mm locking titanium
screws (Synthes GmbH) were modified to have 4 perfora-
tions, 2 mm in diameter, starting 10 mm distal to the tip of the
screw over a distance of 10 mm, alternating by 90-degree
angles (Fig. 1). Screw length was determined with a custom-
made slide gauge.18 After instrumentation according to the
manufacturer’s technique guide, each of the 5 metaphyseal
screws was augmented with 1 mL injectable bone cement by
using a custom-made 2.8-mm side-opening cannula (Fig. 1).
During the augmentation, the cannula was continuously
turned to ensure optimal cement distribution. A comminuted
fracture was simulated by a gap osteotomy of 20 mm
directly below the most distal metaphyseal screw. An artifi-
cial PMMA shaft, with the anatomic 10-degree antecurva-
tum of the proximal tibia, was attached to the distal part of
the plate.

The mechanical test setup was designed to apply
a physiologic axial load. The proximal tibia was embedded

into PMMA (Beracryl; Suter Kunststoffe AG, Fraubrun-
nen, Switzerland) adjacent to the proximal aspect of the
LISS-PLT plate (Fig. 2) and centered vertically on a bidi-
rectional compensator according to the loading center,
which was defined as 4 mm medial of the midpoint of
the maximal anterior–posterior and mediolateral tibial pla-
teau dimensions.19,20

The distal end of the construct was fixed to a steel ball,
which allowed rotation in all directions (Fig. 2). Force was
applied by an MTS 858 Bionix hydraulic test system (MTS
Systems Corp, Eden Prairie, MN) and measured with a 25-kN
load cell. Cyclic loading was applied at 2 Hz, starting at a peak
load of 150 N and increased by 0.05 N per cycle.21 The load
valley was maintained at 100 N throughout the test. A 10-mm
displacement of the machine actuator was defined as failure
and used as the test-stop criterion.

After every 250 cycles, anterior–posterior radiographs
were taken in the unloaded position during a 2-second pause
to record fragment displacement. Varus displacement was
plotted by measuring angular changes between the metaphy-
sis and shaft (Fig. 3) with the help of 2 metal pins attached to
the bone (Fig. 2). Evaluation was done using MATLAB
image processing software (MATLAB; Mathworks Inc,
Natick, MA).

For each test, cycles to failure, cycles to 3 degrees varus
angulation, and varus angulation at 8250 cycles (early-onset
failure) were calculated and statistically evaluated. Early-
onset failure was defined as 8250 load cycles, the failure point
of the first specimen in the course of testing.

Statistical analysis was conducted with SPSS 19.0
(SPSS Inc, Chicago, IL) by using paired samples t tests.
Normal distribution of data was confirmed by the Shapiro–
Wilk test. Correlations of BMD and DensiProbe values with
cycles to failure were measured by the Pearson correlation
test. The significance level was set to a = 0.05.

FIGURE 1. A and C, cannulated 4.5-mm tita-
nium locking screw with perforations at the tip
at 90-degree angle; (B) 2.8-mm custom-made
side-opening cannula.
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RESULTS
All values given are presented as mean and SD. The

average local BMD of all specimens was 88 mg Ha/cm3 (SD
18). There was no significant difference in BMD between the
2 groups (P = 0.47). The average breakaway torque (DensiP-
robe) in the nonaugmented group was 0.26 Nm (SD 0.12) and
0.29 Nm (SD 0.15) in the augmented group. The difference
between the groups was not significant (P = 0.26).

Failure occurred in the nonaugmented group at 9417
load cycles (SD 753), as compared with 14,792 load cycles
(SD 2088) in the augmented group (P = 0.002) (Fig. 4). A
3-degree varus angulation occurred in the nonaugmented
group in 5 of the 6 specimens at an average of 6550 load
cycles (SD 3114), whereas in the augmented group, only
1 specimen reached a 3-degree varus at 18,000 load cycles.
For varus angulation at 8250 load cycles (early-onset failure),
the nonaugmented group demonstrated significantly lower
stability, with varus angulation of 3.2 degrees (SD 1.7) com-
pared with that of the augmented group, which reached only
0.5 degrees (SD 0.6) (P = 0.01) (Figs. 5, 6).

No significant correlation was found between BMD and
cycles to failure for either group. Moreover, torque measure-
ments did not correlate significantly with cycles to failure in
either group.

DISCUSSION
In this study, we investigated the potential of screw

augmentation with PMMA-based cement in the LISS-PLT
plate. We hypothesized that augmentation would increase
implant purchase in unstable extraarticular osteoporotic
proximal tibial fractures and as a result reduce angular
displacement.

The results of this study revealed significantly better
implant purchase in the augmented group than in the
nonaugmented group, with the augmented samples withstand-
ing 57% more load cycles until failure compared with the
nonaugmented samples. Augmentation particularly improved
primary stability, as demonstrated by comparing varus
angulation of the metaphysis (0.5 degree in the augmented
group vs. 3.2 degrees in the nonaugmented group) at 8250
load cycles (Fig. 6). Screw augmentation with PMMA-based
bone cement of the LISS-PLT plate provides improved sta-
bility immediately after instrumentation.

This biomechanical study had the following limitations:
The loads in this study were, however, based on a bio-
mechanical test and cannot be transferred as absolute values
for clinical use. Our biomechanical setup was based on the
experience of Waehnert et al.22 A bidirectional compensator
allowed medial and lateral tilts, whereas sagittal forces,

FIGURE 2. Test setup. A and B,
placement of 2 metal pins to track
varus displacement with the image
intensifier. C, proximal tibia placed on
a bidirectional compensator (white
arrows); artificial tibial shaft is articu-
lated to an aluminum ball (D), which
allows rotation in all directions (black
arrows). Axial load is applied by the
MTS test machine (gray arrow).
Editor’s note: A color image accom-
panies the online version of this
article.
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mainly applied because of the insertion of the patella tendon,
were not simulated. Clinical failure also predominantly occurs
in varus; a simplified test setup was thus used that only
applied axial load.9,23 Furthermore, cement distribution
around the screws was uniform in all planes. It can be
assumed that not only was axial stability increased but also
sagittal stability of the construct was obtained. Testing was
performed only to a 10-mm displacement of the machine
actuator because closure in the fracture gap occurred when
using higher displacements. Within this test range, a signifi-
cant difference in load cycles and failure load between the 2
groups could be detected. Another limitation of the study was
that only a single fracture pattern was tested. The comminuted
fracture model was chosen to create a worst-case scenario and
hence the most unstable fracture situation to demonstrate the
potential of screw augmentation in proximal third tibial frac-
tures. Transverse and oblique fractures most likely resist high-
er axial load innately, and the advantage of screw
augmentation might be less distinct. In this ex vivo model,
we could only show the mechanical advantage of PMMA
augmentation. The effect of augmentation on fracture healing
needs to be further investigated in vivo. In general, higher
fracture fixation stability benefits bone healing. However,
possible side effects of PMMA are not yet fully known.

Concerns about heat-induced necrosis during PMMA curing
have been ruled out for augmentation of the proximal femur
nail antirotational (Synthes GmbH),24 but the effect of hard
PMMA cement replacing the functional subcortical trabecu-
lae has not yet been investigated. New forces might be created
at the cement–cortex interface. Clinical long-term results of
PMMA implant augmentation are yet to be published.

Earlier studies showed that PMMA blade augmentation
of a proximal femoral nail in osteoporotic bone improved
clinical results by increasing implant fixation and decreasing
implant displacement in pertrochanteric fractures.14,15 Ser-
mon et al14 could demonstrate a 51% increase in load cycles
until failure when augmenting proximal femur nail antirota-
tional blades in simulated proximal femur fractures. In a bio-
mechanical study by Roth et al,23 implant augmentation of
the proximal tibia was first described by augmentation of the
proximal screws of an intramedullary nail. They had similar
results to those of our study, as they reported high angular
stability with an average reduction of varus/valgus collapse
of 5.1 degrees for the augmented samples.23 Unger et al16

reported a 53% increase in load cycles to varus collapse
when augmenting the metaphyseal screws of a proximal
humerus plate in a simulated 3-part proximal humerus frac-
ture. With a 57% increase in load cycles to failure, our results

FIGURE 3. Varus displacement. A,
starting image before loading; the
alpha angle is defined as 0 degree.
B, screw migration until failure
noted in the circles; varus displace-
ment of the metaphyseal fragment is
indicated by the beta angle (6 de-
grees varus), measured between the
white lines (metal pins). C and D,
varus displacement of the tibial axis.
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confirmed the high potential of augmentation in the proximal
tibia.

The implant augmentation studies of Sermon et al14 and
Unger et al16 demonstrated a negative correlation between
cycles to failure and local BMD for the nonaugmented
groups. In our study, however, no correlation between local
BMD and cycles to failure in either group was shown. This
may be related to the fact that the bones selected for this study
had the lowest T scores of 25 pairs, as measured with DXA at
the distal epiphyses (average T score23.2, SD 0.8). Therefore,
the span of BMD values was low (average 88 mg Ha/cm3,
range 65–117). By increasing this range and the number of
samples, one could possibly find a better correlation.

Implant augmentation is a viable option in osteoporotic
patients for increasing the stability of fracture fixation.
However, quantitative preoperative assessment of bone
quality, such as DXA or quantitative computed tomography

measurements, is not available for most trauma patients.
Subjective and inherently biased assessment, such as esti-
mating the resistance during screw insertion or the feeling of
insufficient screw purchase, is often used by surgeons for
decision making. A mechanical measurement tool, such as the
DensiProbe, which can be applied during the surgery, might
be a more objective alternative. In our study, however, we
could not significantly correlate peak torque values with the
cycles until failure in either group. To reveal which screw and
location in the proximal tibia benefit most from augmentation,
we also correlated torque values separately with cycles to
failure in the augmented group. There was no significant
correlation for any specific screw. This probably relies on the
fact that torque measurements of all 5 metaphyseal screws
had a small range (0.25–0.34 Nm) and SD (0.04). No recom-
mendation for screw number or screw position in the meta-
physis that benefits most from augmentation can be given by
these results. An extensive study comprising a high number
of bones with different bone qualities would be necessary to
evaluate a possible torque threshold value for augmentation.

In the study of Roth et al,23 bone cement was injected
into the drill hole before screw insertion. In the present study,
modified cannulated screws (Fig. 1) with a perforated tip were
used to allow in situ augmentation. The LISS-PLT plate is
a well-known standardized implant. Corresponding cannu-
lated screws are readily available. There is no need for com-
plex implant modification to integrate the augmentation
option into the LISS-PLT plate set.

Future studies could investigate screw augmentation of
the angular stable buttress plate at the proximal tibia in
osteoporotic tibial plateau fractures. One pitfall to be aware of
is the possible risk of intraarticular cement leakage. Neverthe-
less, studies that used injectable calcium phosphate cement in
tibial plateau depression fractures rarely reported intraarticu-
lar leakage.25–27 In our study, we observed a uniform cement
cloud around the screw tips. Precise prediction of cement
distribution during injection for different fracture models
needs to be investigated in the future.

CONCLUSIONS
In an experimental setting, screw augmentation of the

LISS-PLT plate with PMMA-based bone cement in unstable
proximal extraarticular tibial fractures has been shown to

FIGURE 4. Load cycles to failure (10-mm displacement of the
machine actuator).

FIGURE 5. Early-onset failure, with varus angulation at 8250
load cycles.

FIGURE 6. Plot of varus angulation to early-onset failure (8250
load cycles).
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reduce varus displacement and early loss of reduction in
osteoporotic bone. Injectable bone cement applied through
cannulated screws is a promising option in osteoporotic
fracture management.
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ABSTRACT

Background: Retrograde intramedullary nailing is an estab-
lished technique for tibiotalocalcaneal arthrodesis (TTCA). In
poor bone stock (osteoporosis, neuroarthropathy), device fixa-
tion in the hindfoot remains a problem. Fixed-angle spiral-blade
fixation of the nail in the calcaneus could be useful. Materials
and Methods: In seven matched pairs of human below-knee
specimens, bone mineral density (BMD) was determined, and
TTCA was performed with an intramedullary nail (Synthes
Hindfoot Arthrodesis Nail HAN Expert Nailing System), using
a conventional screw plus a fixed-angle spiral blade versus
a conventional screw plus a fixed-angle screw, in the calca-
neus. The constructs were subjected to quasi-static loading
(dorsiflexion/plantarflexion, varus/valgus, rotation) and to cyclic
loading to failure. Parameters studied were construct neutral
zone (NZ) and range of motion (ROM), and number of cycles
to failure. Results: With dorsiflexion/plantarflexion loading, the
screw-plus-spiral-blade constructs had a significantly smaller
ROM in the quasi-static test (p = 0.028) and early in the cyclic
test (p = 0.02); differences in the other parameters were not
significant. There was a significant correlation between BMD
and cycles to failure for the two-screw constructs (r = 0.94; p =
0.002) and for the screw-plus-spiral-blade constructs (r = 0.86;
p = 0.014). Conclusion: In TTCA with a HAN Expert Nailing
System, the use of a calcaneal spiral blade can further reduce
motion within the construct. This may be especially useful in
poor bone stock. Clinical Relevance: Results obtained in this
study could be used to guide the operating surgeon’s TTCA
strategy.
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INTRODUCTION

Tibiotalocalcaneal arthrodesis (TTCA) is used in the
management of arthrosis affecting the ankle and the subtalar
joint, and of hindfoot deformities that are refractory to
other forms of treatment.4,5,9,14,21 Many techniques have
been described including screws, blade-plates, external fixa-
tors, and intramedullary (IM) nails.2,3,21,23 Early in the
history of intramedullary TTCA, humeral nails or distal
femoral nails were used.4–7 Current (second-generation)
nails feature a more anatomic hindfoot valgus bend,13,17 and
posterior-to-anterior calcaneal screw orientation for enhanced
stability.10,11 In a previous study, our group was able to
demonstrate the superiority of angle-stable locking in the
hindfoot.16

Sound fixation in the calcaneus is vital. Millet et al.12

reported the cut-out of a retrograde nail from the calcaneus.
An increased rate of subtalar fusion failure has been reported
in most of the clinical studies of nailed TTCA.4,7,18 One of
the devices designed to overcome the problems of fixation of
the IM nail in the calcaneus is the Hindfoot Arthrodesis Nail
(HAN; Synthes AG, Solothurn, Switzerland), which offers
the possibility of nail fixation in the calcaneus with two
posterior-to-anterior locking screws or with one such screw
and a posterior-to-anterior spiral blade. Both the spiral blade
and the distal calcaneal locking screw may be locked with
an appropriate end cap to create a fixed-angle construct.

A blade-like device provides a larger load-bearing inter-
face between the device and the surrounding bone, which
reduces the stress on the cancellous bone during blade
impaction and should enhance the stability of the construct.8,

25,26 This effect appears to be especially important in poor,
osteoporotic bone stock. This study was performed to estab-
lish whether, for nail fixation in the calcaneus, the use of a

1212
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screw plus a spiral blade would provide better biomechanical
stability than the use of two calcaneal screws.

MATERIAL AND METHODS

Specimens
Seven matched pairs of human cadaveric below-knee

specimens were harvested, with appropriate consent, from
six female donors and one male donor (mean age, 77 years;
range, 68 to 85 years). The specimens were obtained from
voluntary human donors that had agreed to the use of their
body or parts of them for education and research after death.
The specimens underwent a process of pseudoanymisation
and were stored at −20◦C up to its use. Ethical approval
was obtained from ethics committee.

The specimens were radiographed to rule out skeletal
pathology. Prior to bone mineral density (BMD) determi-
nation, the soft tissues were removed; however, as in the
technique described by O’Neill et al.,20 the ligaments were
left in situ until after the completion of the arthrodesis. The
fibula was removed; the forefoot was amputated through the
transverse tarsal (Chopart) joint; and the tibia was resected at
a site 250 mm proximal to the ankle joint line. The articular
surfaces were left intact.

BMD determination
Calcaneal bone mineral density was determined using

high-resolution peripheral QCT (pQCT) (XtremeCT; Scanco
Medical AG, Brüttisellen, Switzerland). The specimens were
scanned axially with an isotropic resolution of 82 µm. From
the sagittal sections, the width of each calcaneus at the
calcaneal tuberosity was determined. Scanning medially and
laterally from the midline, the BMD of a cancellous cylinder
situated 2 mm below the cortex was measured in 30 medial
and 30 lateral slices (slice thickness: 82 µm). The average
value of these 60 slices was calculated.

Nail
The device used for TTCA was a retrograde IM nail (Hind-

foot Arthrodesis Nail [HAN]; Synthes, Solothurn, Switzer-
land). This implant and the associated hardware (HAN Expert
Nailing System) are made of titanium alloy (Ti-6Al-7Nb).
The nail incorporates a (right or left) valgus bend, and is
supplied in a range of lengths and diameters. Talar locking
is by means of a screw; calcaneal locking is performed by
means of two 6-mm-diameter screws, or with a spiral blade
and a screw. The distal calcaneal screw and the spiral blade
may be locked with appropriate end caps, to create a fixed-
angle construct.

Calcaneal locking randomization
On one limb of each pair, TTCA was performed with a

6-mm-diameter conventional screw plus a 12.5-mm-diameter
locked spiral blade. On the contralateral limb of each pair one

6-mm-diameter conventional screw and one locked screw of
the same diameter were used.

Nailing
The nails were inserted by an experienced surgeon

(the senior author), following the manufacturer’s instruc-
tions. No debridement of any cartilage was performed.
Prior to instrumentation, the canal through the calcaneus
and the talus was drilled, and the tibial medullary cavity
was reamed (SynReam System reaming rod; Synthes AG,
Solothurn, Switzerland) to a diameter of 13 mm. In this
study, a 180-mm-long, 12-mm-diameter nail was used.
Proximal (tibial) fixation was performed, in static mode,
with two 5-mm-diameter standard locking screws using
the aiming device. Talar locking was performed with
a 5-mm-diameter screw. The end caps required for the
locking of the devices were tightened with 5 Nm using
a torque spanner (M.H.H. Engineering Co LTD, Bramley,
Surrey, UK). Implant positioning was checked on an image
intensifier.

Biomechanical testing
Biomechanical testing was based on a protocol used in

previous studies.15,16 The calcaneus and 150 mm of the
proximal remainder of the tibia were potted in methyl
methacrylate (SCS Beracryl; Suter Kunststoff AG, Jegen-
storf, Switzerland). Prior to potting, all protruding implant
parts as well as the subtalar joint were covered with
modeling compound to prevent bridging of the potting
medium affecting the biomechanical properties. Testing was
commenced once the potting had cured (Figure 1).

Testing was performed on a biaxial test system (MTS
Bionix 858; MTS Systems Corporation, Eden Prairie, MN)
equipped with a 4 ± 0.005 kN / 100 ± 0.1 Nm load cell.

First, three quasi-static tests were performed, with loading
in torsion, varus/valgus, and dorsiflexion/plantarflexion. After
five conditioning cycles, the following 15 cycles were
analyzed. The specimens were sinusoidally loaded with
± 5 Nm at a rate of 0.1 Hz. For the varus/valgus and
the dorsiflexion/plantarflexion tests, an 80-mm-long moment
arm was used (Figure 1). For the torsion test, torque was
transmitted directly from the machine’s torsion actuator.
Axially, a 5-N compressive preload was applied. Displace-
ments, loads, and torques were acquired by the machine,
at a rate of 64 Hz. In the analysis, we used the hysteresis
plots to determine the neutral zone (NZ) and the range of
motion (ROM) of each construct, as proposed by Wilke
et al.24 for biomechanical studies of the spine. The range
of motion was defined as the angulation under the maximum
load (of ± 5 Nm); the neutral zone was defined as the range
over which the instrumented specimen moved essentially free
of applied loading, and reflected the laxity of the entire
construct. These load levels were chosen according to the
literature1,16,22 and to our pretests to avoid destruction prior
to cyclic testing.
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Fig. 1: Set-up for the dorsiflexion/plantarflexion test. 1 = X-ray tube; 2 = image intensifier; 3 = joint rod for load transmission; 4 = lever arm (80 mm);
5 = potted calcaneus; 6 = free portion of specimen; 7 = potted tibia, and attachment to the test system.

A B

Fig. 2: Radiographic evaluation of the construct during testing. A, two-screw construct; B, screw-plus-spiral-blade construct. 1 = aluminum section with lever
arm for load transmission; 2 = methyl methacrylate potting; 3 = remainder of modeling compound; 4 = radiolucency. The dotted lines were used for the
assessment of angular stability. Figure 2A shows failure by loss of angular stability; Figure 2B shows a radiolucency indicative of failure by cut-out.

Next, cyclic testing in dorsiflexion/plantarflexion was
performed at a rate of 1 Hz, starting with ± 10 Nm and
continuously increasing the load by 0.05 N per cycle until
failure of the specimen occurred, using a protocol described
in the literature.16 For evaluation, images were obtained with
an image intensifier system (Arcadis Varic; Siemens Medical
AG, Erlangen, Germany; resolution: 1024 × 1024 Pixles.)
immediately prior to loading, and then every 200 cycles, in
dorsiflexion, at the maximum load at the level concerned,
as described in the literature25,26 (Figure 2, A and B). Also,
the ROM and the NZ or each specimen were determined
every 200 cycles. According to our pretest failure by loss
of construct angular stability was defined as a change by
7 degrees or more in the dorsiflexion angle between the

nail and the calcaneus (Figure 2A). Failure by cut-out was
defined as the appearance of a radiolucency along the blade
or screw(s) (Figure 2B).

Statistical analysis

The results were analyzed for normal distribution. A
nonparametric paired test (Wilcoxon signed rank test) was
used to detect differences between the two groups regarding
BMD, ROM, NZ, and number of cycles to failure. For the
comparison between BMD and the failure modes, the Mann-
Whitney test was used. In both groups, Spearman’s correla-
tion coefficient R was determined to study the relationship
between BMD and the number of cycles to failure. Signifi-
cance was set at p = 0.05.
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RESULTS

Following randomization, there were seven specimens
(three right, four left) in the screw-plus-spiral-blade group,
and seven specimens (four right, three left) in the two-screw
group. The mean BMD was 103 mg HA/cm3 (range: 22.4
to 185.9 mg HA/cm3; SD: 51.2). The difference between the
groups was not significant (p = 0.61).

In the quasi-static tests, the constructs incorporating a
spiral blade had a significantly (p = 0.028) smaller ROM
in dorsiflexion/plantarflexion than did the constructs incor-
porating two calcaneal screws. In regard to the other
parameters, the spiral-blade constructs were not significantly
superior (Tables 1 and 2).

Early in the cyclic test (out to 400 cycles = 11.6 Nm),
the constructs with a spiral blade had a significantly (p =
0.02) smaller ROM. By the 600-cycle (12 Nm) stage, the
difference had ceased to be significant (p = 0.06); and with

continued cycling, it decreased further yet (Table 3). There
were no significant differences regarding the NZ (Table 4).
The mean number of cycles to radiographic failure was 4,657
(SD 2,035) in the two-screw group, compared to 5,314 (SD
2,734) in the screw-plus-spiral-blade group. This difference
was not significant (p = 0.35).

There was a significant correlation between BMD and the
number of cycles to failure, both in the two-screw group
(r = 0.94; p = 0.002) and in the screw-plus-spiral-blade
group (r = 0.86; p = 0.014) (Figure 3).

The failure mode was loss of stability of the distal fixed-
angle locking in a total of five cases (two in the two-screw
group; three in the screw-plus-spiral-blade group); in the
remaining cases, there was cut-out of the distal screw or
of the spiral blade in the calcaneus (Figure 2, A and B). The
mean BMD of the specimens with loss of angular stability
was 142.6 mg HA/cm3 (range 120 to 171.6 mg HA/cm3)
than that of the specimens that failed by cut-out (mean

Table 1: Range of Motion (ROM) of the Constructs in Degrees, in the Quasi-Static Tests

Screw-and-blade Two screws

Loading mode Mean SD Mean SD p

Dorsiflexion/plant arflexion 1.5 ±0.2 2.2 ±0.3 0.03
Varus/valgus 3.0 ±0.8 4.5 ±1.1 0.06
Rotation 6.6 ±0.7 7.7 ±0.7 0.09

Table 2: Neutral Zone (NZ) of the Constructs in Degrees, in the Quasi-Static Tests

Screw-and-blade Two screws

Loading mode Mean SD Mean SD p

Dorsiflexion/plant arflexion 0.2 ±0.1 0.5 ±0.1 0.06
Varus/valgus 0.9 ±0.4 1.9 ±0.7 0.06
Rotation 2.1 ±0.6 2.4 ±0.6 0.18

Table 3: Range of Motion (ROM) of the Constructs in Degrees, During Cyclic Testing

Screw-and-blade Two screws

Cycles Mean SD Mean SD p

1 2.7 ±0.2 3.5 ±0.3 0.02
200 3.8 ±0.6 4.8 ±0.5 0.02
400 4.4 ±0.8 5.3 ±0.6 0.02
600 4.9 ±0.9 5.8 ±0.7 0.06
800 5.5 ±1.1 6.4 ±0.8 0.13

1000 6.1 ±1.3 6.9 ±0.9 0.13
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Table 4: Neutral Zone (NZ) of the Constructs in Degrees, During Cyclic Testing

Screw-and-blade Two screws

Cycles Mean SD Mean SD p

1 0,5 ±0.1 0.7 ±0.1 0.13
200 0.8 ±0.3 1.0 ±0.2 0.18
400 1.0 ±0.3 1.2 ±0.3 0.18
600 1.2 ±0.5 1.3 ±0.3 0.50
800 1.4 ±0.6 1.5 ±0.4 0.61

1000 1.7 ±0.8 1.6 ±0.5 0.87

Fig. 3: This figure shows the correlation between the number of cycles to
failure (radiographic evidence of angle between calcaneus and longitudinal
axis of nail of 7 degrees or more with dorsiflexion loading) and the BMD.

BMD: 80.9 mg HA/cm3; range 22.4 to 165 mg HA/cm3).
(p = 0.029).

DISCUSSION

The development of modern devices for TTCA has opened
up new possibilities of hindfoot reconstruction. However, the
patients requiring TTCA often have multiple comorbidities,
Charcot neuroarthropathy, generalized osteoporosis, or local
osteopenia from long-term disuse. Under these conditions,
stable fixation may be difficult to obtain.2,4,7,13,19 The
importance of sound fixation in the calcaneus has been
shown in a number of studies.10,11,16 Thus, Mann et al.10 and
Means et al.11 found that a significantly more stable construct
could be achieved with posterior-to-anterior orientation of a
calcaneal interlocking screw. Mückley et al.16 showed that
angle-stable locking in the calcaneus, and a valgus bend of
the IM nail in the hindfoot, were superior to a TTCA IM

nailing system with a straight, non-angle-stable device. The
use of a spiral blade for IM nail anchoring in the hindfoot
was first described by Zwipp et al,6 after Ito et al.,8 of the
same group, had demonstrated the biomechanical superiority
of spiral-blade over screw fixation in the distal femur. Ito
et al. found that the combination of a spiral blade and a
screw provided a bone-device interface that was 38% greater
than that obtained with two 6-mm diameter screws, and
concluded that this greater surface area accounted for the
better performance of the spiral-blade-and-screw constructs
under purely axial loading.8 However, in TTCA the situation
is more complex, since (a) greater moments are applied and
(b) there are two joints that need to be fused.

To our knowledge, this is the first study designed to
establish whether the biomechanical advantages observed in
the distal femur can also be obtained in the hindfoot. We
were able to show a correlation between BMD and construct
failure, which shows that calcaneal bone quality and TTCA
construct stability are directly related.

In the quasi-static tests, we were also able to show that
initial stability is enhanced by the use of a spiral blade,
even though this benefit was significant only in terms of
the ROM in dorsiflexion/plantarflexion. In the torsion and
the varus/valgus tests, there were no significant differences.
We think that this pattern may be accounted for by the
anatomy of the ankle joint (stabilizing effect of medial
malleolus; matching concave/convex joint surfaces). These
factors applied equally to the two construct types and
would have produced the same effect regardless of whether
intracalcaneal fixation was with a screw-and-spiral-blade or
with a two-screw arrangement.

With cyclic loading, there were no significant differences
in the number of cycles to failure. Over the first 400 cycles,
the constructs involving a spiral blade fared significantly
better in terms of ROM than did the two-screw constructs;
however, this difference became less and less over the
subsequent cycles.

The failure modes observed were cut-out in the posterior
part of the calcaneal tuberosity, or loss of angular stability
between the nail and the distal screw or the spiral blade.
Regardless of the mode of intracalcaneal fixation, cut-out
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was seen more often at lower BMD, showing that the
osteoporotic bone had not been able to cope with the
stress at the device/bone interface. In the specimens with
higher BMD, the cancellous bone was compressed to the
point where angular stability was lost. The only significant
differences were seen with dorsiflexion/plantarflexion. This
movement is roughly along the axis of the screw or blade,
which means that the inherent benefit of the spiral blade’s
larger device/bone contact area can be fully brought to
bear. We think that this accounts for the initial difference
in the constructs’ behavior with cyclic loading and for the
difference seen in the quasi-static tests. However, with further
cycling, the benefit was lost as a result of loss of device
fixation in the hindfoot.

Dorsiflexion stress has been recognized by several
authors3,11,19,20 as the predominant loading mode of the
arthrodesis site during weightbearing in the postoperative
period; stresses in other planes can be eliminated with immo-
bilization of the limb in a below-the-knee cast.3 We therefore
feel that the differences between the two groups’ ROM and
NZ observed in this loading mode in the quasi-static tests
(Tables 1 and 2) were clinically relevant, even though there
was no significant difference between the groups with regard
to the number of cycles to failure.

Our quasi-static tests produced ROM and NZ data that
were comparable with the results reported by Mückley
et al.,16 who studied an angle-stable compressed IM nail
for TTCA and found this device to be significantly supe-
rior to a straight TTCA nail with conventional interlocking.
Obviously, a comparison of different biomechanical studies
is fraught with difficulties; however, our test set-up and our
loading regimes were similar to those used by other investi-
gators, which should afford at least some comparability.

While the test set-up and the loading protocol used were
similar to those employed by other investigators,1,3,16,22

our study was subject to the limitations common to all
biomechanical studies. Thus, the increasing bony union
that would be expected to occur in vivo could not be
simulated. In common with other authors,1,3,16,19,20 we
did not prepare the joint surfaces, in order to eliminate
one variable. Our previous experience, and the current
biomechanical literature,1,16,22 suggest that the loads used
in our quasi-static tests were not in the destructive range.

Using continuously increasing loading in the cyclic tests
ensured that all the specimens could be tested to failure.
As may be seen from the studies by Chiodo et al.,3 O’Neill
et al.,19 and Mückley et al.,16 cyclic testing at a constant load
level would not necessarily have allowed testing to failure,
even over 250,000 cycles, and would have made it difficult to
compare the groups. The principle of testing with increasing
load levels has been found useful in similar studies of bone
strength in the femoral head.26

The failure criterion for loss of angular stability chosen in
our study was radiographically documented 7-degree or more
displacement of the calcaneus from the longitudinal nail axis

with dorsiflexion stress. This radiographic parameter allowed
assessment especially of device fixation in the hindfoot,
as well as a study of the failure pattern. Dorsiflexion was
chosen since, according to O’Neill et al.,19,20 this represents
the predominant loading mode of the arthrodesis site during
weightbearing in the postoperative period. The size of the
angle was adopted in light of preliminary tests which had
shown that displacement by 7 degrees was clear and certain
evidence of permanent, rather than of reversible elastic,
deformation. Also, a 7-degree deformation in the calcaneus
roughly corresponds to the 10-degree deformation of the
entire fusion construct that had been used as a failure
criterion in other studies.3,16,19

The results obtained cannot be translated directly into
clinical practice. Greater initial stability need not go hand
in hand with better clinical outcomes. Less initial motion
at the fusion site may conceivably promote and speed up
bony union. We did not observe any significant differences
with regard to the number of cycles to failure. This is why,
even with constructs involving the use of a spiral blade, we
would still recommend immobilization until definite evidence
of bony union at the fusion site has been obtained. Clinical
studies will need to be performed before any definitive
recommendations can be made.

CONCLUSION

In our study, the screw-plus-spiral-blade construct was
significantly more resistant to deformation than the two-
screw construct in the quasi-static dorsiflexion/plantarflexion
test and in the early stages of the cyclic test. There was
no significant difference in the other planes tested. These
results suggest that a spiral blade should be considered in
patients requiring greater stability or in cases where only
the most distal IM nail locking site can be used. We also
conclude that, even with a screw-plus-spiral-blade construct,
care should be taken to ensure that full weight-bearing is not
resumed prematurely.
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Abstract 

Aim: Bone quality is a main factor in implant fixation. After having shown promising 

results, we have further investigated the use of the Densi-Probe™ as an intraoperative 

measurement tool for evaluation of calcaneal bone quality and prediction of nailed 

hindfoot arthrodesis failure. 

Method: In this add-on study 19 nail arthrodeses were performed using a conventional 

screw plus a locked blade (n = 6) or plus a locked screw (n = 13) in the calcaneus. A 

specially devised tool was inserted at the fixation sites of the screws and the cancellous 

break-away torque was measured. The constructs were then cyclically loaded to failure. 



Results: We saw a wide range of BMD (1.9–185.9mgHA/cm³, mean 102.4mg/cm³, SD 

53.5). The peak torque was 0.47–1.78 Nm (mean 0.92 Nm, SD 0.46) at the proximal screw 

site (PSS) and 0.24 and 1.2 Nm (mean 0.63 Nm, SD 0.37) at the distal screw site (DSS), 

respectively, and 0.42 and 1.52 Nm (mean 1.00 Nm, SD 0.36) in the screw plus blade 

group (PSS). The number of cycles correlated with peak torque (two screws group PSS: p = 

0.002, r² = DSS: 0.61 p = 0.001, r² = 0.90; screw plus blade group PSS: p = 0.001, r² = 0.99). 

Peak torque also correlated with BMD in both groups (two screws group PSS: p = 0.01, r² 

= 0.71; DSS: p = 0.001; r² = 0.83; screw plus blade group PSS: 0.42 and 1.52 Nm, mean 

1.00 Nm, SD 0.36).  

Conclusion: A mechanical bone measurement tool like the DensiProbe™ seems to be 

suitable for predicting tibiotalocalcaneal arthrodesis failure in a biomechanical test set-

up. As a restriction in clinical practice failure is multifactorial and prediction cannot be 

based upon these measurements only. 

Einleitung 

Die tibiotalokalkaneare Arthrodese (TTCA) gilt als Rettungsoperation mit dem Ziel, die 

Extremität zu erhalten [1-4]. Die Knochenfestigkeit spielt dabei eine entscheidende Rolle 

bei der Verankerung der Arthrodese. Vor allem die Verankerung des Implantats im 

Kalkaneus ist dabei von großer Bedeutung [5,6]. Den meisten Patienten mit der Indikation 

zur TTCA gemein ist die teilweise auch nur lokal begrenzte verminderte Knochenqualität, 

die vielfältige Ursachen hat. Zum einen ist der Kalkaneus als Manifestationsort der 

Osteoporose beschrieben [7] und da das Durchschnittsalter für Arthrodesepatienten in 

der Literatur mit 57 Jahren angegeben wird, ist eine klinisch relevante Osteoporose 

wahrscheinlich [1,3,4,8-15]. Weitere Einschränkungen der Knochenqualität ergeben sich 

oft aus den Indikationen zur Arthrodese. So führen beispielsweise Rheuma und die 

Charcot-Arthropathie unter Umständen zu lokalen Veränderungen der Knochenqualität 

[16-18]. Das gehäufte Auftreten von Nebenerkrankungen wie Diabetes mellitus und 

Niereninsuffizienz beeinflusst die Knochensubstanz ebenfalls negativ [19-21]. Weitere 

Risiken für lokale Veränderungen der Knochenqualität sind Inaktivitätsosteoporosen und 

Durchblutungsstörungen, wie sie beim beschriebenen Patientengut ebenfalls häufig 

vorliegen [22,23]. 



Als wichtigster Parameter zur Beurteilung von Knochenqualität und 

Implantatverankerung wird derzeit die Bone Mineral Density (BMD) herangezogen. Die 

BMD kann mittels quantitativer Computertomografie (QCT) oder Dual Energy X-ray 

Absorptiometry (DEXA) bestimmt werden. Trotz anerkannter Korrelation zur Festigkeit 

des Knochens bleiben beide Methoden indirekt und intraoperativ nicht durchführbar. CT 

sowie DEXA liefern globale Messwerte, die in inhomogenen Regionen, wie z.B. dem 

Kalkaneus, stark variieren können und nur bedingt Rückschlüsse auf die Qualität der 

Implantatverankerung zulassen. Bei Diabetes mellitus kann die Verwendung von DEXA 

oder CT sogar zu widersprüchlichen Ergebnissen führen [19,21,24]. 

Eine alternative Methode zur Beurteilung von Implantatverankerung und Knochenqualität 

beruht auf der mechanischen Bestimmung der Bruchlast der Trabekel direkt am späteren 

Sitz des Implantats (DensiProbe™). Dabei wird vor Implantation eine Sonde in den Bereich 

des späteren Implantatlagers intraossär eingeführt und mit einer 

Drehmomentmesseinheit torquiert. Gemessen wird dabei das maximale Drehmoment, 

das nötig ist, um die lokale spongiöse Knochenstruktur zu brechen. Es konnte bereits eine 

Korrelation zwischen Drehmomentmessung und Versagen einer dynamischen 

Hüftschraube unter zyklischer Belastung belegt werden [25]. Klinische Studien befinden 

sich derzeit in der Durchführung. Die Methode soll es dem Operateur erleichtern, das 

intra- und postoperative Behandlungsregime an den Patienten individuell anzupassen. 

In einer vorangegangenen Studie konnte gezeigt werden, dass sich eine derartige 

Messung auch auf die Verhältnisse bei der Rückfußarthrodese übertragen lässt [26]. 

Dabei wurde in einem biomechanischen Kadaverversuch an 7 Unterschenkelpräparaten 

die Stabilität unter zyklischer Belastung und die BMD bestimmt und mit der 

mechanischen Knochendichtemessung korreliert. Ziel dieser Arbeit ist es, mit einer 

Erweiterung der oben genannten Studie die beschriebenen Ergebnisse zu validieren und 

zusätzlich zu überprüfen, ob auch das Versagen eines Nagels mit Klingenverankerung im 

Kalkaneus vorhergesagt werden kann. 

Material und Methoden 

Die verwendeten Methoden sind identisch zu einer vorangegangenen Studie [26], dabei 

wurde die Anzahl der Proben um 12 Präparate auf 19 humane Leichenunterschenkel (10 

rechte und 9 linke, davon 6 Paare) erweitert. Radiologisch wurden pathologische 



Veränderungen ausgeschlossen. Die Spender (9 Frauen, 4 Männer) waren 

durchschnittlich 76 Jahre alt (Range 64 bis 87). Die Verwendung der Präparate war durch 

eine Ethikkommission genehmigt worden. 

Die Präparate wurden bis zum Test bei − 20°C gelagert. Vor Bestimmung der Bone 

Mineral Density wurden die Weichteile entfernt, wobei analog zu OʼNeill et al. [6] die 

Bandstrukturen bis nach der Durchführung der Arthrodese belassen wurden. Weiterhin 

wurde die Fibula reseziert, der Vorfußwurde im Chopart-Gelenk und die Tibia 250 mm 

über der Sprunggelenksfläche abgesetzt. Die Gelenkflächen wurden belassen. 

Die Bestimmung der BMD erfolgte im Kalkaneus mittels hochauflösendem pQCT (Xtreme-

CT, Scanco Medical AG, Brüttisellenn, Schweiz). Die Unterschenkel wurden entlang der 

axialen Richtung mit einer isotropischen Auflösung von 82 μm gescannt. Aus den 

Sagittalschnitten wurde die Breite der Kalkanei im Bereich der Tuber calcanei ermittelt. 

Von der Mitte ausgehend wurde die BMD in einem 2mm subkortikal liegenden 

Knochenzylinder in der Spongiosa jeweils in 30 Schnitten (Schichtdicke 82 μm) nach 

medial und nach lateral ermittelt. 

Als Implantat wurde der Hindfoot Arthrodesis Nail (Synthes AG, Solothurn, Schweiz) mit 

einer Länge von 180mm und einem Durchmesser von 12mm verwendet. Das gesamte 

Implantat ist aus einer Titanlegierung (Titanium-Aluminium-Niobium) gefertigt. Die 

Verankerung im Kalkaneus erfolgt bei diesem System über 2 Schrauben 

(Flankendurchmesser 6 mm, Kerndurchmesser von 4,8 mm), von denen die distale 

Schraube winkelstabil verblockt wird, oder alternativ über eine winkelstabil verblockte 

Klinge (Durchmesser 12,5 mm) und eine der oben beschriebenen Schrauben. 

Die 6 Unterschenkelpaare wurden in 2 Gruppen aufgeteilt, von denen einer Gruppe 

(Klingengruppe) eine im Kalkaneus winkelstabil verblockte Klinge und eine nicht 

winkelstabile Schraube und der anderen Gruppe (Schraubengruppe) 2 Schrauben 

implantiert wurden. Der Schraubengruppe wurden zudem 7 weitere Präparate zugeteilt. 

Vor der Instrumentierung wurde der Markraum bei allen Präparaten mit einem SynReam-

System (Synthes AG, Solothurn, Schweiz) auf 13mm aufgebohrt. Die zur Erlangung der 

Winkelstabilität nötige distale Verschlussschraube wurde mit einem 

Drehmomentschlüssel (M.H.H. Engineering Co LTD., Bramley, England) mit 

5Nmangezogen. Proximal wurden 2 5-mm-Schrauben verwendet, wobei statisch 



verriegelt wurde. Alle Implantationen erfolgten, entsprechend den Herstellerangaben, 

unter radiologischer Kontrolle und wurden durch einen erfahrenen Chirurgen 

durchgeführt (T. M.). 

Zur DensiProbe™-Messung wurde eine Messklinge mit folgenden Eigenschaften 

konstruiert: Durchmesser 5 mm, Messbereich 28mm und 3 Flügel (Abb. 1). Der 

Durchmesser der Messklinge entsprach dem vom Hersteller zum Vorbohren empfohlenen 

Bohrer. Somit konnten wir sicherstellen, dass keine zur Verankerung der Schrauben 

nötige Knochensubstanz zerstört wurde. Die Messung selbst erfolgte als Zwischenschritt 

jeweils vor Implantation der posterior–anterior verlaufenden Kalkaneusschrauben. 

Abweichend zur OP-Technik wurde jeweils vor dem Einbringen der Schrauben eine 

Messung durchgeführt. Demzufolge wurde bei den mit Klinge implantierten Präparaten 

nur eine Messung im Bereich der proximalen, nicht winkelstabilen Schraube 

durchgeführt, während in der Schraubengruppe 2 Messungen erfolgten. 

 

Abb. 1a-d: Konstruktionsplan und Fotografie der Messsonde und Fotografie der Messeinheit mit Klinge und 

aufgestecktem DensiProbe™ sowie Bildwandlerkontrollen jeweils unmittelbar vor der DensiProbe™-Messung. 



Für die Messungen wurde nicht wie üblich über die gesamte Schraubenlänge vorgebohrt, 

sondern nur die posteriore Kortikalis des Kalkaneus perforiert. Unter Bildwandlerkontrolle 

und über den Zielbügel wurde nachfolgend die Messklinge bis unmittelbar vor den Nagel 

eingeschlagen und anschließend die Messung durchgeführt (Abb. 1).  

Das Prinzip der Messung ist es, durch Drehung der Klinge die zwischen den Flügeln 

liegenden Trabekel zu brechen. Dazu wurde die Messklinge mit dem DensiProbe™180° 

um die Längsachse gedreht und das Spitzendrehmoment gemessen. Der Messbereich des 

Geräts beträgt 10 Nm mit einer Messgenauigkeit von ± 0,032Nm im Messbereich von 

1Nm. 

 

Abb. 2a und b: Testaufbau mit der Probe (1), der oberen und unteren Einbettung (2, 3) und dem Bildwandler (4). F 

gibt dabei die Richtung der Krafteinleitung an. 

Die biomechanische Testung erfolgte in Anlehnung an vorangegangene Studien [5, 26]. 

Dazu wurden jeweils der Kalkaneus und 150mm der proximal verbliebenen Tibia in SCS 

Beracryl (Suter Kunststoff AG, Jenegstorf, Schweiz) eingebettet. Zuvor wurden alle 

vorstehenden Implantatanteile und das untere Sprunggelenk mit Knetmasse abgedeckt, 

um die Beeinflussung der biomechanischen Testung durch die Einbettung zu verhindern 

(Abb. 2 und Abb. 3). Die Testung erfolgte unmittelbar nach Aushärtung der Beracryl-

Einbettung. 



 

Abb. 3: Die radiologische Auswertung während der Tests am Beispiel einer Klingenversorgung. 1 Aluminiumprofil zur 

Krafteinleitung, 2 Beracryl-Einbettung, 3 Reste der Knetmasse. Die gestrichelten Linien repräsentieren die 

Bestimmung der Winkel. 

Die Tests wurden an einer MTS Bionix 858 biaxialen Testmaschine (MTS Systems 

Corporation, Eden Prairie, MN, USA) mit einer 4 ± 0,005 kN / 100 ± 0,1 Nm Kraftmessdose 

durchgeführt. Es erfolgte die zyklische Testung in Extension-Flexion, beginnend bei ± 

10Nm mit einer kontinuierlichen Steigerung von 0,05 N/Zyklus bis zum Versagen [27]. Zur 

Auswertung wurde unmittelbar vor Belastung und dann alle 200 Zyklen in 

Dorsalextension unter der jeweils maximalen Belastung eine Röntgenaufnahme erstellt 

(Arcadis Varic, Siemens Medical AG, Erlangen) [27,28]. Als Versagenskriterium wurde eine 

Auslenkung des Kalkaneus im Verhältnis zum Nagel von 7° festgelegt (Abb. 3). 

Statistik 

Es wurde eine lineare Regressionsanalyse durchgeführt, um Korrelationen zwischen den 

DensiProbe™-Messungen an der distalen / proximalen Schraube und der BMD, ROM, NZ 

bzw. den Zyklen bis zum Versagen zu bestimmen. Weiterhin wurde die Regression für 

BMD und ROM, NZ bzw. Zyklen bis zum Versagen berechnet. Als Signifikanzniveau wurde 

p < 0,05 festgelegt. 

Ergebnisse 

Die Proben umfassten in den BMD-Werten eine große Spannweite von 1,9 bis 185,9 

g/cm3 (Durchschnitt 102,4 mg/cm3, SD 53,5). Für die Schraubengruppe betrug das 



Spitzendrehmoment am Platz der distalen Schraube zwischen 0,24 und 1,2 Nm 

(Durchschnitt 0,63 Nm, SD 0,37), und im Bereich der proximalen Schraube zwischen 0,47 

und 1,78 Nm (Durchschnitt 0,92 Nm, SD 0,46). Dieser Unterschied war nicht signifikant (p 

= 0,088). Das Spitzendrehmoment, gemessen an der distalen Schraube, korrelierte 

signifikant mit dem BMD (p = 0,001; Korrelationskoeffizient r2 = 0,83). Proximal ergab sich 

eine schwächere Korrelation (p = 0,01, r2 = 0,71). Das Spitzendrehmoment korrelierte 

signifikant mit den Versagenszyklen sowohl am distalen (p = 0,001, r2 = 0,90) als auch am 

proximalen Messort (p = 0,002, r2 = 0,61, Abb. 4 und Abb. 5). Die Korrelation zwischen 

BMD und Versagenszyklen war ebenfalls signifikant (p = 0,001, r2 = 0,71). 

 

Abb. 4: Die Zyklenzahl bis zum Versagen in der Schraubengruppe in Abhängigkeit vom Spitzendrehmoment am 

proximalen Messort. 

 

Abb. 5: Die Zyklenzahl bis zum Versagen in der Schraubengruppe in Abhängigkeit vom Spitzendrehmoment am 

distalen Messort. 



Bei der mit winkelstabiler Klinge versorgten Gruppe konnte eine Messung aufgrund eines 

technischen Fehlers nicht aufgezeichnet werden. Bei den übrigen 5 Proben betrug das 

Spitzendrehmoment am Platz im Bereich der proximalen Schraube zwischen 0,42 und 

1,52 Nm (Durchschnitt 1,00 Nm, SD 0,36). Diese Messung korrelierte signifikant mit dem 

BMD (p = 0,037; r2 = 0,75) und den Zyklen bis zum Versagen (p = 0,001, r2 = 0,99, Abb. 6). 

Die Korrelation zwischen BMD und Versagenszyklen war auch hier signifikant (p = 0,037, 

r2 = 0,67). 

 

Abb. 6: Die Zyklenzahl bis zum Versagen in Abhängigkeit vom Spitzendrehmoment am proximalen Messort in der 

Klingengruppe. 

Discussion 

Zur Beurteilung der Knochenfestigkeit bei Schenkelhalsfrakturen wird derzeit ein neues 

mechanisches Messverfahren (DensiProbe™) klinisch erprobt [29]. Das Prinzip dabei ist, 

dass die Bruchlast der trabekulären Struktur am späteren Implantatsitz Rückschlüsse auf 

die Qualität der Implantatverankerung zulässt. Vor dem Hintergrund multipler 

Vorerkrankungen, der Charcot-Arthropathie, dem teilweise hohen Alter, einer 

generalisierten Osteoporose sowie lokaler Osteopenien, beispielsweise aufgrund langer 

Ruhigstellung, ist die Erlangung einer stabilen Implantatverankerung bei 

Rückfußarthrodesen teilweise problematisch [2,3,13,15,30]. Daher besteht nach unserer 

Ansicht auch bei der Rückfußarthrodese ein Interesse an einer intraoperativen 

Beurteilung der Knochenqualität. 

Mit der vorliegenden Arbeit konnten wir starke Korrelationen zwischen den DensiProbe™- 

Messungen an den verschiedenen Messorten und den Versagenszyklen aufzeigen. Damit 



konnten wir einen direkten Zusammenhang zwischen Knochenfestigkeit im Kalkaneus und 

Stabilität der Arthrodese belegen. In der Schraubengruppe ergab sich am distalen 

Messort eine höhere Korrelation mit dem Versagenszeitpunkt als am proximalen Messort 

und zwischen BMD-Wert und Versagenszeitpunkt. Hier konnten wir eine ähnlich hohe 

Korrelation erreichen wie Suhm et al. am Femurkopf [25]. Dies ist mit der rigiden, 

winkelstabilen Verbindung zwischen Nagel und distaler Schraube zu erklären. Dadurch 

werden distal die Belastungen direkt über das Knochen-Schrauben-Interface in den Nagel 

übertragen, während proximal durch das Spiel zwischen Schraube und Nagel ein deutlich 

geringerer Kraftfluss stattfindet. 

Insgesamt konnten wir bei einer im Vergleich zur Vorstudie [26] fast verdoppelten 

Probenzahl und damit einhergehender größeren Streuung der Knochendichte sowohl das 

Signifikanzniveau (in der Vorstudie: p = 0,001 für den distalen und p = 0,003 für den 

proximalen Messort) als auch die Korrelation (in der Vorstudie: r2 = 0,919 für den distalen 

und r2 = 0,861 für den proximalen Messort) halten. Dies spricht nach unserer Meinung für 

die Zuverlässigkeit der Messung, da auch eine weitere Streuung der Knochendichte durch 

das Instrument zuverlässig detektiert wurde. Weiterhin konnten wir in der 

vorangegangenen Studie keine Korrelation zwischen der DensiProbe™-Messung am 

proximalen Messort und dem BMD-Wert ermitteln [26]. Mit der Erhöhung der Probenzahl 

zeigt sich nun eine ähnlich hohe Signifikanz wie zwischen distalem Messwert und BMD. 

Bei den Präparaten, die mit einer Klinge versorgt wurden, konnten wir ebenfalls eine sehr 

hohe Korrelation zwischen DensiProbe™-Messung, die hier nur am proximalen Messort 

durchgeführt wurde, und Versagenszeitpunkt feststellen (p = 0,001; r2 = 0,99). Dies ist 

insofern überraschend, als dass bei der Schraubengruppe die Messung am proximalen 

Messort nicht annähernd so stark korrelierte (p = 0,02; r2 = 0,61). Einschränkend ist zu 

sagen, dass nur 5 Präparate der Klingengruppe ausgewertet werden konnten, sodass 

dieses Ergebnis allenfalls als Machbarkeitsstudie gewertet werden kann. 

Durch das neue Messprinzip konnten wir Unterschiede in der lokalen Knochenqualität im 

Kalkaneus zwischen proximalem und distalem Schraubensitz nachweisen, wobei wir eine 

höhere Knochenfestigkeit am proximalen Messort ermittelt haben. In unserer Vorarbeit 

mit 7 Proben war dieser Unterschied signifikant [26]. Dieses Ergebnis hat sich in der 

vorliegenden Arbeit relativiert. Zwar zeigt sich immer noch ein tendenziell höheres 



Drehmoment im proximalen Messort, dieser Unterschied ist allerdings nicht mehr 

statistisch signifikant. 

Bei der in dieser Arbeit gezeigten Korrelation der BMD-Werte mit dem 

Versagenszeitpunkt sei darauf hingewiesen, dass wir ein hochauflösendes pQCT (82 μm 

Auflösung) verwendet haben. Das klinisch eingesetzte QCT erreicht diese Auflösung 

derzeit nicht und liefert damit ungenauere Werte. Vorteil der DensiProbe™-Messung ist, 

dass hier die Knochenfestigkeit genau am Ort der Implantatverankerung gemessen wird. 

Zudem ist unsere Messmethode so entwickelt, dass sie intraoperativ ohne großen 

Mehraufwand einsetzbar ist und dabei keinen Einfluss auf die Arthrodese hat. 

Dennoch ist unserer Meinung nach die alleinige intraoperative Messung des 

Drehmoments nicht geeignet, das Versagen einer Arthrodese vorherzusagen. Dabei 

müssen weitere Faktoren wie beispielsweise die Durchblutungssituation und die korrekte 

Lage des Implantats berücksichtigt werden. Wir konnten mit dieser Studie zeigen, dass 

wir mit der Adaption von DensiProbe™ an die Verhältnisse bei der Rückfußarthrodese 

dem Chirurgen ein zusätzliches Werkzeug zur objektiven intraoperativen Beurteilung der 

Stabilität an die Hand geben können. Als Konsequenz aus der Messung kann 

beispielsweise das Nachbehandlungsschema adaptiert werden. Weiterhin kann bei 

schlechten Messwerten bei dem von uns getesteten Arthrodesenagel eine 

Klingenverankerung gewählt werden. Bei anderen Nagelsystemen verspricht nach OʼNeill 

et al. die zusätzliche tibiotalokalkaneare Schraubenaugmentation eine erhöhte Stabilität 

[6]. Die Entwicklung von Zementaugmentationstechniken könnte ebenfalls die Stabilität 

erhöhen. 

Der Testaufbau und die Höhe der Belastung gelten als gängiges Verfahren zur 

biomechanischen Testung von tibiotalokalkanearen Arthrodesen, auch wenn damit die 

tatsächliche In-vivo-Situation nur sehr eingeschränkt wiedergegeben wird [5,31-33]. Mit 

der kontinuierlichen Kraftsteigerung während der zyklischen Tests konnten wir ein 

Versagen innerhalb der Testung sicherstellen. Dies wäre, wie die Arbeiten von Chiodo et 

al. [32], OʼNeill et al. [34] und Mückley et al. [5] zeigen, bei einer zyklischen Testung mit 

gleichbleibender Belastung selbst über 250000 Zyklen nicht sichergestellt gewesen. Diese 

Art der ansteigenden Belastung hat sich bereits bei Untersuchungen am Femurkopf 

bewährt [27]. 



Als Versagenskriterium haben wir das Abwinkeln des Kalkaneus im Röntgenbild von 7° zur 

Nagelachse in Dorsalflexion festgelegt. Mit diesem radiologischen Parameter konnte vor 

allem die Rückfußverankerung beurteilt werden. Weiterhin konnten Aussagen über das 

Versagensmuster gemacht werden. Als Auslenkungsrichtung wurde die Dorsalflexion 

gewählt, da diese nach OʼNeill et al. unmittelbar postoperativ der größten Belastung 

ausgesetzt ist [6,34]. Ein Winkel von 7° wurde nach Evaluierung der Vorversuche gewählt, 

da sich hier radiologisch eindeutige Zeichen einer destruktiven Verformung zeigten und 

so die Grenze zwischen reversibler elastischer Deformation und permanenter 

Deformation sicher überschritten war. Weiterhin entsprachen die 7° Verformung im 

Kalkaneus in etwa einer Deformation der gesamten Arthrodese um 10°, was in 

vorangegangenen Arbeiten als Versagenskriterium gewählt wurde [5,32,34]. 

Unsere Testung unterliegt den in biomechanischen Studien üblichen Limitationen. So 

kann durch unsere Testung beispielsweise die zunehmende knöcherne Durchbauung 

nicht berücksichtigt werden. Die Ergebnisse können daher nicht direkt in die klinische 

Anwendung übernommen werden. Weitere, vor allem klinische Untersuchungen müssen 

folgen, bevor das Potenzial der von uns vorgestellten Messmethode abschließend 

beurteilt werden kann. Die Rechtfertigung dazu halten wir nach den Ergebnissen der 

vorliegenden Studie für gegeben. 

Zusammenfassung 

Aus dieser Studie scheint eine multizentrische Erprobung der Methode in vivo 

gerechtfertigt, um mit ausreichender Fallzahl den prädiktiven Wert der Messmethode im 

Hinblick auf ein Arthrodeseversagen zu ermitteln. Unsere biomechanischen Ergebnisse 

sprechen für eine DensiProbe™-Messung als zusätzlichem Parameter zur Beurteilung der 

Stabilität einer tibiotalokalkanearen Arthrodese. Eine derartige Messung kann 

beispielsweise bei der Wahl der Verankerung im Rückfuß oder des 

Nachbehandlungsregimes hilfreich sein. Allerdings ist der Therapieerfolg von weiteren 

Faktoren wie beispielsweise der korrekten Einstellung des Rückfußes, der 

Weichteilsituation und der Implantatlage abhängig, sodass die Knochenfestigkeit nicht als 

alleiniger Parameter zur Vorhersage einer erfolgreichen Arthrodese herangezogen 

werden kann. 
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Background: Tibiotalocalcaneal arthrodesis with a retrograde nail is an established procedure. Many patients
considered for this arthrodesis have poor bone stock, which may make it difficult to obtain construct
stability. This study was undertaken to determine whether stability could be enhanced by the cement
augmentation of the calcaneal locking screws.
Methods: A cannulated and perforated screw, and a technique for cement augmentation via this screw, were
developed. Eight pairs of human cadaver bones were instrumented with a retrograde intramedullary device
(Expert Hindfoot Arthrodesis Nail, Synthes AG, Solothurn, Switzerland). Within each pair, one specimen was
randomized to have the nail interlocked in the calcaneus with two conventional screws; while the other
specimen was similarly instrumented with the use of two cement-augmented screws. The bone mineral
density was determined. In quasi-static tests, the neutral zone and the range of motion of the constructs

were determined. Subsequently the specimens were tested in dorsiflexion/plantar flexion until failure
occurred. The neutral zone and the range of motion of the constructs were determined every 200 cycles.
Findings: Augmentation resulted in significantly greater stiffness and a significantly smaller range of motion
in the quasi-static dorsiflexion/plantar flexion test, and in a significantly smaller neutral zone in all quasi-
static tests. With cyclic loading, the number of cycles to failure was significantly larger in the augmented
group. In both groups, bone mineral density was significantly correlated with the number of cycles to failure.
Two augmented screws broke.
Interpretation: Cement augmentation confers significant mechanical benefit in hindfoot arthrodesis and
therefore can be used as a salvage procedure. Further development should be performed to validate the
concept.

© 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Tibiotalocalcaneal arthrodesis is used in the management of
arthrosis affecting the ankle and the subtalar joint, and of hindfoot
deformities that are refractory to other forms of treatment (Amirfeyz
et al., 2008; Anderson et al., 2005; Boer et al., 2007; Chou et al., 2000;
De Smet et al., 2003; Goebel et al., 2003; Hammett et al., 2005; Klos
et al., 2009a; Millett et al., 2002; Moore et al., 1995; Nagashima et al.,
2005; Niinimäki et al., 2007). Most of the patients concerned have
poor bone stock quality from a variety of causes. The literature
Klos),
ueorguiev@sedax.ch
K. Schwieger),
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(Amirfeyz et al., 2008; Anderson et al., 2005; Boer et al., 2007; Chou
et al., 2000; De Smet et al., 2003; Goebel et al., 2003; Hammett et al.,
2005; Millett et al., 2002; Moore et al., 1995; Nagashima et al., 2005;
Niinimäki et al., 2007) shows the average age of arthrodesis
candidates to be 57 years, which is the time of life associated with
an increased prevalence of generalized osteoporosis. Among the
indications for arthrodesis are rheumatoid arthritis and Charcot
arthropathy, which may cause local deterioration of bone quality
(Frank and Gottwalt, 2008; Herbst et al., 2004; Jirkovska et al., 2001).
There is a comparatively high rate of such comorbid conditions as
diabetes mellitus and renal impairment, which also adversely affect
skeletal health (Raska and Broulik, 2005; Schwartz and Sellmeyer,
2007; Strotmeyer and Cauley, 2007 ). In addition, disuse (Sterner
et al., 1975) and vascular problems (Laroche et al., 1994), which are
not uncommon in this patient population, may cause local impair-
ment of bone density.

Bone strength is crucial to sound implant fixation. In tibiotalo-
calcaneal arthrodesis, device fixation in the calcaneus is of prime
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Fig. 1. A photograph showing a cannulated and perforated screw (1), as well as the 1 ml
syringe (2), and a cannula with a silicone stopper used for cement injection (3). Fig. 1-B
photograph of a cannulated and perforated screw. The respective lengths of the
perforated section and the solid section, in terms of per cent of overall screw length, and
the interhole distance in the perforated section, are indicated.
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importance: Most of the studies of tibiotalocalcaneal arthrodesis using
a nail have reported an increased rate of subtalar fusion failure (De
Smet et al., 2003; Nagashima et al., 2005; Elder et al., 2000; Frank and
Gottwalt, 2008), distal screw breakage (Kile et al 1994) and cut-out in
the calcaneus (Millett et al., 2002).

Latest-generation implants provide features such as posterior-to-
anterior screw routing in the calcaneus (Nagashima et al., 2005;
Niinimäki et al., 2007), angle-stable locking in the hindfoot (Mückley
et al., 2008), or a spiral blade {Klos et al., 2009b), designed to enhance
construct stability. With increasing device rigidity, bone stock quality
is increasingly proving to be the limiting factor {Klos et al., 2009b).

The problem of how to achieve stability in poor host bone is also
encountered in the management of proximal femur fractures.
Research into cement augmentation techniques, with a view to
enhancing the stability of the implant-bone interface, is ongoing in
several countries and yielding promising results (Augat et al., 2002;
Elder et al., 2000; Frihagen et al., 2007; Moore et al., 1997; von der
Linden et al., 2006 ).

This biomechanical study was performed to establish whether
cement augmentation of the calcaneal locking screws of a tibiotalo-
calcaneal arthrodesis nail could produce significantly better stability.
For this study, a special cannulated and perforated screw was
developed, and a cement augmentation technique via these screws
was devised.
2. Methods

Eight fresh frozen pairs of human cadaveric below-the-knee
specimens were obtained. All donors agreed to the use of their body
or parts of them for education and research. The specimens were
radiographed to exclude prior bone pathology. The mean age at death
of the donors (five females, three males) was 77.6 (range, 64 to 89)
years. The specimens were stored at −20 °C. The bone mineral
density was determined with a three-dimensional peripheral quan-
titative computerized tomography (Xtreme CT, Scanco Medical AG,
Brüttisellen, Switzerland). As in the technique used by O'Neill et al.
(2007), the soft tissues were removed, but the supporting ligamen-
tous structures were left in place until the arthrodesis had been
completed. The fibula was removed; the forefoot was amputated
through the transverse tarsal (Chopart) joint; and the tibia was
resected at a site 250 mm proximal to the ankle joint line. The
articular surfaces were left intact.
2.1. Implants

The nail used was a 180 mm-long, 12 mm-diameter Titanium
Cannulated Hindfoot Arthrodesis Nail (HAN, Synthes AG, Solothurn,
Switzerland). Proximal interlocking, in the nail-tip region, was done
with two 5 mm locking screws inserted in static mode. Distally, the
nail was locked with a 5 mm-diameter talar screw. Locking in the
calcaneus was done with one proximal non-angle-stable and one
distal angle-stable screw (angle-stability is provided by the end cap),
routed posterior to anterior. The external (major) diameter of all the
calcaneal locking screws used was 6 mm.

The calcaneal screws intended for augmentation had been
specifically developed for this study, in light of a prior finite-element
study. The geometry and thread design of these titanium screws was
based on the standard self-taping screws from the nail system with a
diameter of 6 mm and a core diameter of 4.8 mm. The screws were
cannulated over 62.5% of their length, and featured 1.4 mm-diameter
holes at 8.5 mm centers, arranged in two orthogonal planes along the
longitudinal screw axis (Fig. 1). The screw length was determined
during implantation following the manufacturer's instructions for
conventional screws.
2.2. Implantation

The medullary canal was reamed to a diameter of 13 mmwith use
of a SynReam system (Synthes AG, Solothurn, Switzerland), and the
intramedullary nail was retrogradely inserted. Within each pair of
specimens, one specimen was randomized to interlocking of the nail
in the calcaneus with a standard implantation (one angle-stable and
one non-angle-stable conventional locking screw), while the other
specimen received intracalcaneal nail locking with two cement-
augmented screws, of which one was angle-stably locked in the
calcaneus while the other one was non-angle-stable. The end caps
required for angular stability were tightened with 5 Nm, with the use
of a torque wrench (MHH Engineering Co Ltd, Bramley, UK).

Following insertion, 3.5 ml of polymethylmethacrylate cement
(Vertecem plus; Synthes AG, Solothurn, Switzerland) was injected in
each of the screws to be augmented. The augmentation system used
was a Vertecem Vertebroplasty System (Synthes AG, Solothurn,
Switzerland), with a cannula custom-made for this study (Fig. 1).
Cement mixing and delivery via the 1 ml syringe of the system were
performed in strict conformity with the manufacturer's instructions.

All the instrumentations were performed with radiographic
monitoring, and were done by an experienced surgeon (the senior
author).

2.3. Biomechanical testing

Biomechanical testing was based upon a protocol used in previous
studies (Klos et al., 2009b; Mückley et al., 2007, 2008). The calcaneus
and the proximal 150 mm of the remaining tibia were each potted
with the use of a methylmethacrylate resin (SCS Beracryl; Suter
Kunststoff AG, Jegenstorf, Switzerland) in an aluminum casing, after
all protruding implant portions and the gap of the subtalar joint had
been covered with a modeling compound to prevent bridging of the
potting medium affecting the biomechanical properties. Testing was
commenced as soon as the resin had cured (Figs. 2 and 3).

Measurements were performed on a biaxial test machine (MTS
Bionix 858; MTS Systems Corporation, Eden Prairie, MN) equipped
with a 4±0.005 kN/100±0.1 Nm load cell.

First, three quasi-static tests were performed, first in torsion, than
in varus/valgus, and last in dorsiflexion/plantar flexion, respectively.
The specimens were loaded sinusoidally, within the elastic range,
with±5 Nm, at a rate of 0.1 Hz. After five conditioning cycles, the



Fig. 2. Schematic showing the biomechanical test set-up for the dorsiflexion/plantar flexion tests A= aluminum casing holding the potted calcaneus; B= calcaneus; C= talus; D=
tibia (free portion); E = potted proximal extremity of tibia; F = load transmission system with lever arm; G = image intensifier.
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following fifteen consecutive cycles were analyzed. In the varus/
valgus and the dorsiflexion/plantar flexion tests, the moment was
applied via an 80 mm-long lever (Fig. 2). In the torsion test, torque
was applied directly from the torsion actuator of the test machine; in
this test, an axial compressive preload of 5 N was applied. All tests
were performed in load-control. Displacements, forces, and torques
were acquired by the sensors of the machine at a rate of 64 Hz. The
quasi-static tests were analyzed with use of criteria described by
Wilke et al. (Wilke et al., 1998) for spinal implants: From the
hysteresis loop, the range of motion and the neutral zone were
determined. The range of motion describes the total range over which
the specimenmoves with maximal loading (in this case, ±5 Nm); the
neutral zone describes the range over which the specimen moves
essentially free of applied loading, and provides a measurement of the
laxity of the construct.

Next, cyclic testing in dorsiflexion/plantar flexion was performed,
starting at ±10 Nm and continuing at 0.05 N/cycle (a moment of
0.004 Nm) increments with a rate of 1 Hz until specimen failure
occurred. Failure was defined as a change by ≥7° in the dorsiflexion
angle between the nail and the calcaneus, or device breakage/bone
Fig. 3. Radiographs illustrating the assessment of the non-augmented (left) and the augm
transmission; B=methylmethacrylate resin; C= remainder of modeling compound; D= ra
the assessment of angular stability.
fracture (Fig. 3).For analysis of angulation and device/bone brakage,
radiographs in dorsiflexion were obtained with a mobile C-arm
system (Arcadis Varic; Siemens, Erlangen, Germany), immediately
prior to loading and thereafter at 200-cycle intervals at the maximum
load of the cycle concerned. Also, the range of motion and the neutral
zone were determined over the first 1000 cycles, at 200-cycle
intervals.

Our null hypothesis was that cement augmentation of the
calcaneal locking screws of a tibiotalocalcaneal arthrodesis nail can
produce significantly better stability.

2.4. Statistical analysis

The data were analyzed with use of SPSS software (SPSS 14.0.2;
SPSS Inc., Chicago, IL). The results were analyzed for normal
distribution with the Shapiro–Wilk test. For the detection of
significant differences between the groups in terms of the bone
mineral density and the number of cycles to failure, a paired-samples
t-test was used, while the Wilcoxon signed-rank test was used to
detect significant differences in terms of the range of motion and the
ented (right) constructs during testing. A =aluminum casing, and lever arm for load
diolucent line indicative of cut-out; E= injected cement. The dotted lines were used for



Table 2
Range of motion (in degrees) of the non-augmented and the augmented constructs, in
the quasi-static tests.

Non-augmented* Augmented* P value*

Mean SEM Mean SEM

Loading mode
DF/PF 1.493 0.304 1.102 0.198 0.036
Var/Valg 3.305 0.909 2.336 0.678 0.093
Torsion 7.033 1.013 5.938 0.905 0.093

*The values are given as the mean and the standard error of the mean (SEM); a P value
of b0.05 indicates significance. DF/PF = dorsiflexion/plantar flexion; Var/Valg =
varus/valgus.
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neutral zone. Where the data were found to be normally distributed,
Pearson's correlation coefficient R was determined for the correlation
between the bone mineral density and the number of cycles to failure.
Analysis of the range of motion and the neutral zone in the cyclic tests
was performed with use of GLM repeated measures analysis of
variance with a Greenhouse–Geisser epsilon adjustment. The bone
mineral density was used as a covariate in the analysis. Significance
was defined as Pb0.05.

3. Results

3.1. Bone mineral density

The mean bone mineral density (in mg hydroxyapatite/cm3) in
the two groups was 105.2 (range, 2.0 to 172.9;). In the non-
augmented group, the mean bone mineral density (in mg hydroxy-
apatite/cm3) was 107.4 (range, 2.0 to 160.6); in the augmented
group, the mean value was 105.2 (range, 9.8 to 172.9). This difference
was not significant (P=0.69, power: 0.065).

In both groups, the bone mineral density was significantly
correlated with the number of cycles to failure (non-augmented
group: R=0.76; P=0.028; augmented group: R=0.77; P=0.026).

3.2. Quasi-static tests

The augmented specimens were significantly stiffer in plantar
flexion (non-augmented group: mean, 3.42 Nm/°; SEM, 0.59 Nm/°;
SD, 1.66 Nm/°; augmented group: mean, 4.63 Nm/°; SEM, 0.79 Nm/°;
SD, 2.23 Nm/°; P=0.017) and in dorsiflexion (non-augmented group:
mean, 4.16 Nm/°; SEM, 0.60 Nm/°; SD, 1.69 Nm/°; augmented group:
mean, 5.59 Nm/°; SEM, 0.69 Nm/°; SD, 1.95 Nm/°; P=0.036).

In the augmented group, the neutral zone was significantly
smaller, in all loading modes, than in the non-augmented constructs
(Table 1), whereas a significantly smaller range of motion was seen
only with dorsiflexion/plantar flexion loading (Table 2).

3.3. Cyclic tests

The mean number of cycles to radiographically demonstrated
failure was 6100 (SEM, 1118; SD, 3162) cycles in the non-augmented
group, as compared with 7825 (SEM, 1256; SD, 3552) cycles in the
augmented group. This difference (1725 cycles, 86.25 N, 6.9 Nm) was
significant (P=0.036). The average within pair difference for the
number of cycles to failure was 38.5%.

The evaluation of the neutral zone and the range of motion at the
start of the cyclic-testing part of the protocol showed the following
results (Fig. 4):

In the augmented group, the neutral zonewas significantly smaller
than in the non-augmented group (P=0.036). The bone mineral
density was seen to be a significant covariate (P=0.001) affecting the
neutral zone.

In the augmented group, the range of motion was significantly
smaller than in the non-augmented group (P=0.024). As with the
Table 1
Neutral zone (in degrees) of the non-augmented and the augmented constructs, in the
quasi-static tests.

Non-augmented* Augmented* P
value*

Mean SEM Mean SEM

Loading mode
DF/PF 0.376 0.120 0.124 0.034 0.012
Var/Valg 1.324 0.545 0.466 0.189 0.025
Torsion 2.498 0.776 1.346 0.419 0.036

*The values are given as the mean and the standard error of the mean (SEM); a P value
of b0.05 indicates significance. DF/PF = dorsiflexion/plantar flexion; Var/Valg =
varus/valgus.
neutral zone, the bone mineral density was a significant covariate
(P=0.002).

During cyclic testing, there were two cases of augmented-screw
breakage resulting in an immediate failure of the implantations.
Breakage occurred at a mean of 8450 cycles (43.8 Nm). In one case,
both screws broke at a distance of about 5 mm from the nail; in the
other case, the angle-stable distal screw broke at a similar distance. In
both cases, the fracture line went through the perforations in the
screw. In the other cases the failure mode was a cut-out.

3.4. Cement distribution patterns

Cement distribution along the screw tracks was found to be non-
uniform, but showed the same general pattern. Cement was extruded
mainly at a distance from the nail, in the first one-third of the screw
track. Closer to the nail, cement around the non-angle-stable screws
was in some cases seen to flow retrogradely into the calcaneus,
through the lumen of the nail.

4. Discussion

State-of-the-art intramedullary devices for tibiotalocalcaneal
arthrodesis have enhanced the surgeon's armamentarium for hind-
foot reconstruction. However, many of the patients considered for
tibiotalocalcaneal arthrodesis will have multiple comorbidities,
Charcot arthropathy, generalized osteoporosis or local osteopenia
(for instance from prolonged disuse), and achieving construct
stability can be a major challenge (Anderson et al., 2005; Chou
et al., 2000; Hammett et al., 2005; Herbst et al., 2004; Laroche et al.,
1994 ). In a number of studies, intracalcaneal fixation has been shown
to be an important factor affecting stability (Mann et al., 2001; Means
et al., 2006; Mückley et al., 2008). Thus, Mann et al. (2001) and Means
et al. (2006) concluded that the posterior-to-anterior routing of a
calcaneal locking screw significantly enhances stability. Mückley et al.
(2008) demonstrated the superiority of angle-stable over non-angle-
stable intracalcaneal locking.

The present study was designed to develop and test an
augmentation technique that would provide an additional option
for the stabilization of a hindfoot arthrodesis, the principle being the
reinforcement of the implant-bone interface to prevent device cut-
out. Our study provided proof of the mechanical concept.

During the augmentation procedure, markedly more cement was
extruded close to, as compared with further away from, the tip of the
injection cannula. This observation tallied with the findings of prior
studies (Gisep et al., 2006). We therefore think that the length of the
screw cannulation (which, in this study, amounted to 62.5% of the
total screw length) could be markedly reduced. This would ensure
that screw strength would not be unduly compromised, and might
prevent a potential devastating complication like screw breakage of
the kind seen in two cases in the present study. Similarly, a shorter
cannulated length could prevent cement run-off into the nail lumen,
and reduce the volume of cement required for the procedure. We



Fig. 4. Graphs showing the neutral zone (NZ) and the range of motion (RoM) of the non-augmented and the augmented constructs, over the first 1000 cycles of the cyclic part of the
protocol. Values are shown as the mean±the standard deviation (SD).
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think that this study could provide the basis for screw-design
optimization.

The volume of cement injected into the calcaneus was two lots of
3.5 ml each. Prior studies (Boner et al., 2009) suggest that this should
not be associated with an undue risk of thermal bone necrosis,
although larger volumes are likely to be unsafe. However, the cement
has to be injected into a confined space; cement removal might be less
than straightforward; and there may be an increased risk of infection
as a result of a markedly enlarged foreign-body interface in a poorly
vascularized space. The infection risk could conceivably be controlled
by the use of antibiotic-containing cement. The actual cement volume
required for reinforcement will need to be determined in further
studies. In general, we feel that, for the reasons outlined above, our
technique should be a salvage, rather than a standard, procedure.
Clinical studies will need to be performed in order to establish
whether the benefits seen in this biomechanical study can be
translated into the clinical setting.

In common with other authors (Mückley et al., 2008; O'Neill et al.,
2007; Alfahd et al., 2005; Chiodo et al., 2003; O'Neill et al., 2008), we
left the joint surfaces intact. This was done in order to eliminate an
additional variable, and to create a worst-case scenario of minimal
intraarticular friction.

The test set-up and the load levels used were similar to those
employed in other biomechanical studies of tibiotalocalcaneal
arthrodesis (Alfahd et al., 2005; Chiodo et al., 2003; Mückley et al.,
2008; Santangelo et al., 2008).

The load magnitudes in the quasi-static tests were chosen in light
of our experience and of the current literature (Alfahd et al., 2005;
Mückley et al., 2008; Santangelo et al., 2008), to keep loading within
the non-destructive range.

Testing with continuously increasing cyclic loading has been found
useful in previous studies (Klos et al., 2009b; Windolf et al., 2009a).
This protocol ensures that specimens can be tested to failure. As may
be seen from the studies by Chiodo et al. (Chiodo et al., 2003), O'Neill
et al. (O'Neill et al., 2008), and Mückley et al. (Mückley et al., 2008),
cyclic testing at a constant load level would not necessarily have
allowed testing to failure, even over 250,000 cycles. This would have
made it difficult to compare the groups. The same would have been
true of stepped testing, with progression to a higher load level after a
given number of cycles.

The failure criterion chosen was radiographically detected and
documented ≥seven-degree displacement of the calcaneus from the
longitudinal nail axis with dorsiflexion stress. This radiographic
parameter allowed assessment especially of device fixation in the
hindfoot, as well as a study of the failure pattern (Klos et al., 2009b;
Windolf, et al., 2009a; Windolf et al., 2009b). Dorsiflexion was chosen
since, according to O'Neill et al. (2008); (2007), this represents the
predominant loading mode of the arthrodesis site during weight-
bearing in the postoperative period. The size of the angle was adopted
in light of prior studies (Klos et al., 2009b) which had shown
displacement by seven degrees to provide clear and certain evidence
of permanent, rather than of reversible elastic, deformation. Also, a
seven-degree deformation in the calcaneus roughly corresponds to
the ten-degree deformation of the entire arthrodesis construct that
had been used as a failure criterion in other studies (Mückley et al.,
2008; Chiodo et al., 2003; O'Neill et al., 2008).

Our investigation was subject to the limitations common to all
biomechanical studies, which can reflect the actual in-vivo conditions
only to a very limited extent. As well as the increasing bony union and
the stabilizing action of the surrounding soft tissues that would be
expected to occur in vivo and could not be taken into account. Another
restriction of our study is the mean donor age of the tested specimens
that was higher (77.6 years) than described in the literature (Frank
and Gottwalt, 2008; Herbst et al., 2004; Jirkovska et al., 2001). On the
other hand we think that this kind of geriatric patients is the group
that profits most from bone augmentation techniques. Furthermore a
wide range of SD was seen that might be caused in part by the wide
range of BMD within the specimens and the complexity of the
investigated anatomical structures. This is why the results obtained
cannot be translated directly into the clinical setting. Also, greater
initial stability does not necessarily signify a better clinical outcome.
However, less movement at the tibiotalocalcaneal arthrodesis site
could conceivably result in faster and sounder bony union, and the
greater load tolerance of the construct could allow earlier resumption
of weight-bearing.
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Introduction: Proximal humerus fracture fixation can be difficult because of osteoporosis making it

difficult to achieve stable implant anchorage in the weak bone stock even when using locking plates. This

may cause implant failure requiring revision surgery. Cement augmentation has, in principle, been

shown to improve stability. The aim of this study was to investigate whether augmentation of particular

screws of a locking plate aimed at a region of low bone quality is effective in improving stability in a

proximal humerus fracture model.

Materials and methods: Twelve paired human humerus specimens were included. Quantitative

computed tomography was performed to determine bone mineral density (BMD). Local bone quality

in the direction of the six proximal screws of a standard locking plate (PHILOS, Synthes) was assessed

using mechanical means (DensiProbeTM). A three-part fracture model with a metaphyseal defect was

simulated and fixed with the plate. Within each pair of humeri the two screws aimed at the region of the

lowest bone quality according to the DensiProbeTM were augmented in a randomised manner. For

augmentation, 0.5 ml of bone cement was injected in a screw with multiple outlets at its tip under

fluoroscopic control. A cyclic varus-bending test with increasing upper load magnitude was performed

until failure of the screw–bone fixation.

Results: The augmented group withstood significantly more load cycles. The correlation of BMD with

load cycles until failure and BMD with paired difference in load cycles to failure showed that

augmentation could compensate for a low BMD.

Discussion and conclusion: The results demonstrate that augmentation of screws in locked plating in a

proximal humerus fracture model is effective in improving primary stability in a cyclic varus-bending

test. The augmentation of two particular screws aimed at a region of low bone quality within the

humeral head was almost as effective as four screws with twice the amount of bone cement. Screw

augmentation combined with a knowledge of the local bone quality could be more effective in enhancing

the primary stability of a proximal humerus locking plate because the effect of augmentation can be

exploited more effectively limiting it to the degree required.

� 2013 Elsevier Ltd. All rights reserved.
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Introduction

Fractures of the proximal humerus are a common injury and
account for 5% of all fractures and 45% of humeral fractures.1 The
injury typically occurs in elderly patients and is associated with
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osteoporosis.2,3 Options for surgical treatment are numerous,
including anatomical reconstruction using extra- or intramedul-
lary fixation techniques or hemiarthroplasty.3–5 A major goal of
head-preserving procedures is to achieve high primary stability,
allowing early postoperative functional treatment. This is difficult
to achieve in osteoporotic bone, which makes surgical treatment
of the most complex fractures of the proximal humerus a
challenge.6 As in other anatomical regions, locking plates have
successfully been introduced for the proximal humerus and
clinical experience is rapidly growing.7–10 Despite improved
results, secondary fragment dislocation still occurs in up to 13% of

http://crossmark.dyndns.org/dialog/?doi=10.1016/j.injury.2013.05.008&domain=pdf
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.injury.2013.05.008&domain=pdf
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Fig. 1. X-ray control of a pair of specimen. The three part fracture model with a 10 mm metaphyseal gap is depicted. On the right side the two respective screws were

augmented.
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the patients.7,9,10 Though different reasons may apply, it is
unlikely that all the problems associated with the treatment of
osteoporotic proximal humerus fractures have been fully solved,
such that sufficient primary stability cannot be obtained in some
of these cases. In vitro augmentation of implants using bone
cement was shown to enhance primary stability in the proximal
femur.11,12 The in vitro insertion of 10 ml of calcium phosphate in
the metaphyseal region in a proximal humerus fracture model
using different fixation techniques was shown to significantly
improve mechanical performance.6 The in vivo treatment of
metaphyseal comminution in proximal humerus fractures again
using calcium phosphate led to significantly less humeral head
settling and screw penetration.13 However, these studies more or
less injected the bone cement in an untargeted manner ignoring
local bone quality within the humeral head. On the other hand, it is
well known that there are local differences in the distribution of
bone mineral density (BMD) within the humeral head.14,15

Accordingly, screws of a standard proximal humerus locking
plate have been identified which aim at regions of low BMD.16 The
aim of the present biomechanical in vitro study was to investigate
whether the stability of locked plating in a proximal humerus
fracture model could be effectively improved by targeted
augmentation of these particular screws.

Materials and methods

Specimens

Six pairs (n = 12) of fresh frozen human cadaveric humeri free
of all soft tissues were included (three females; three males;
mean age 78.2 � 8.5 years). A quantitative computed tomography
(qCT) scan was performed (GE Lightspeed VCT 16, Milwaukee, WI,
USA) to rule out relevant bony pathologies and to determine
local BMD of the humeral heads. BMD was assessed using the
method described by Krappinger including a European Forearm
Phantom (EFP) calibration (EFP Phantom, QRM GmbH, Möhrendorf,
Germany).17 Subsequently, the specimens were stored in double
vacuum-sealed plastic bags at �20 8C. Prior to testing, the speci-
mens were thawed overnight at �4 8C. Within each pair of
specimens one sample was randomised for screw augmentation.

Fracture model and instrumentation

A three-part fracture model of the proximal humerus was
simulated by a 10-mm horizontal gap just below the anatomical
neck and a greater tuberosity osteotomy using an oscillating saw
with a blade thickness of 0.4 mm (Synthes, Oberdorf, Switzerland;
Fig. 1).18,19 Fragment fixation was performed using a standard
locking plate (PHILOS, Synthes) by means of the standard
instrumentation tools and following the manufacturer’s manual.
In all the specimens the plate was attached to the humeral shaft
using three bi-cortical locking screws. For fixation of the head
fragment, locking screws were placed in the six most proximal
plate holes following the direction as provided by the aiming block
of the PHILOS plate. The length of the head screws was determined
with a modified calliper, which allowed precise measurement of
the distance between the plate holes and the curved proximal
humerus joint surface along the direction defined by the drill
sleeve.16 For the conventional (non-augmented) group, 6 mm was
subtracted from the maximum measured length as recommended
by the manufacturer. For the augmented screws, the length chosen
was �10 mm of the maximum measured length.

The design of the screws to be augmented shows both an axial
and three radial outlets at its tip, allowing injection of 0.5 ml of
Traumacem V+ bone cement (Synthes) under fluoroscopic control
(Fig. 1). The rationale for choosing the two screws to be augmented
was based on the results of a previous study in which local bone
quality along the course of the six head screws of the PHILOS, plate
as determined by the aiming block, was assessed.16 According to
these data, screws in positions 4 and 5 for a right and the
corresponding positions 3 and 6 for a left proximal humerus
specimen representing the anteromedial or -inferior region of the
humeral head were identified as aimed at the region of the lowest
BMD (Fig. 2) The remaining screws in the augmented group were
regular locking screws as in the conventional group.

Local determination of bone quality using mechanical torque

Prior to screw insertion, local bone quality in the area of the
tip of six proximal screws of the PHILOS plate was assessed using
mechanical torque as described previously.16 In this study the
method correlated very well with the determination of BMD in
the exact same volume of interest using high-resolution CT scans.
The torque measurement tool (DensiProbeTM, ARI, Davos,
Switzerland) is shown in Fig. 3. The solid cylinder runs through
a polyacetal copolymer (POM) holder that allows rotation of the
solid cylinder with negligible friction. A calliper was introduced
in the standard sleeves of the aiming block for the proximal
screws of the PHILOS plate, and the distance between the flat
surface of the sleeve and the humeral head surface (a) was
recorded. A second custom-made measuring device was used
to fix stoppers at predetermined distances both on the drill



Fig. 2. PHILOS plate (Synthes Inc.) for a right proximal humerus with the numbering

system of the six proximal head screws. Screws 1, 3, and 6 aim at the posterior and

2, 4, and 5 at the anterior region of the humeral head.

Fig. 4. Test setup for loading in varus bending. The red arrow indicates load

application. The head fragment can rotate freely (green arrow) and is mounted on a

ball bearing cushion.
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(a – 28 mm) and on the torque measurement tool (a – 3 mm).
Thus, the gauging tip was fully in contact with undrilled
cancellous bone at a 3-mm subchondral distance. After gently
hammering the probe into the bone, the sensor (MECMESIN
Torque Handsensor, UK; 10-N m range, accuracy 178 � 0.032 N m
at 1 N m) was attached to the DensiProbe via the bush connection.
Next, the probe was rotated 1208 clockwise and the peak torque
Fig. 3. DensiProbeTM (ARI, Switzerland) for determination of local bone quality

using mechanical torque. In the left upper corner the tip with three ‘‘V-shaped’’

depressions, which is inserted in the cancellous bone, is shown. The holder (right

lower corner) has a bush connection for attachment of the torque sensor.
recorded on the sensor display was documented as an indicator for
local bone resistance.

Biomechanical testing

All the specimens of both groups (n = 6 augmented, n = 6 non-
augmented) underwent a varus-bending test. For specimen
fixation in the material testing machine, the specimens were
shortened to a total length of 250 mm. Both the humeral head and
the distal end were embedded in polymethylmethacrylate
(PMMA) cement (Technovit 3040, Heraeus Kulzer, Wehrheim,
Germany). Tests were conducted using a biaxial servo-hydraulic
material testing machine (MTS, 858 MiniBionixII, Shakopee, MN,
USA). An ultrasound-based three-dimensional (3D) motion analy-
sis system (Winbiomechanics, Zebris, Isny, Germany) was used to
directly measure the relative motion between the PHILOS plate and
the humeral head without superimposed plate bending or torsion.
Thus, the markers of the motion analysis system were mounted to
the proximal part of the PHILOS plate and the lesser tuberosity of
the specimens (Fig. 4).

For the bending test, the humeral shaft was fixed to the actuator
of the servo-hydraulic testing machine. The humeral head was
fixed in a device allowing rotation in the anterior–posterior plane
and was mounted on a ball-bearing cushion to minimise shear
forces (Fig. 4). Specimens were cyclically loaded with a constantly
increasing upper load magnitude.20 The sinusoidal load started
ranging from 15 N to 50 N and was applied at 0.25 Hz. The upper
load magnitude was increased by 0.035 N after every load cycle;
for example, after 1000 cycles loading ranged from 15 N to 85 N.
Motion data after every 100 load cycles were captured, and elastic



Fig. 6. Correlation of the paired difference in load cycles to failure and the mean

BMD of the humeral head.
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and plastic deformation in the varus angular tilting was recorded.
Specimens were cyclically loaded until failure of the screw–
bone fixation. Failure was defined as an increase of angular tilting
in the varus of >0.58 within 100 load cycles at the lower load
magnitude (constant 15 N).

Statistical analysis

The software package Statistical Package for the Social Sciences
(SPSS) 18.0 (SPSS Inc., Chicago, IL, USA) was used to perform
statistical analysis. Data were checked for normal distribution
using the Shapiro–Wilk test. Comparison of the number of load
cycles to failure between the two groups was obtained using a
paired Student’s t-test. The correlation between the BMD values
and the number of cycles to failure was analysed using the
bivariate Pearson correlation. The level of significance was
p < 0.05.

Results

All the results are presented as the mean value � standard
deviation (SD). Mean BMD was 68.29 mg cm�3 which represents
osteoporotic bone quality.18,19 The two groups did not significantly
differ in BMD. All specimens failed, with loosening of the head screws
and subsequent varus collapse of the humeral head relative to the
plate. On average, the augmented group withstood significantly more
load cycles until failure (6900 � 690 load cycles) compared to the
non-augmented group (4600 � 810 load cycles; p = 0.01). This
corresponds to a total loading of 291.5 � 24.2 and 211 � 28.7 N for
the augmented and non-augmented group, respectively. The correla-
tion of BMD with load cycles until failure determined by the Pearson
coefficient R2 was 0.292 and 0.5755 for the augmented and non-
augmented group, respectively (Fig. 5). The correlation of the paired
difference in load cycles to failure and the mean BMD of the humeral
head is shown in Fig. 6.

Determination of the local bone quality in the area of the tip
of the six proximal screws using the DensiProbe confirmed
previous results, with the anteromedial or -inferior region
representing the area of the lowest BMD (data not shown).16 The
correlation of the DensiProbe (mean of all the screws) with BMD
determined by the Pearson coefficient R2 was 0.481 for the
whole sample. The correlation of the DensiProbe (mean of all the
screws) with cycles until failure according to R2 was 0.0803 for
the augmented group and 0.0474 for the non-augmented group.
When correlating the DensiProbe results for only the two
augmented screws with cycles until failure, R2 was 0.0624 for
the augmented group and 0.0902 for the non-augmented group.
Fig. 5. Correlation of the load cycles to failure with the BMD of the two test groups.
Evaluation of the DensiProbe for the different screws (mean of
all the samples) with cycles until failure showed R2 = 0.4724 for
screw no. 6 (anteromedial region). For all the other screws, R2

was <0.14.

Discussion

Locking plates have successfully been introduced for the
surgical treatment of proximal humerus fractures, a typical injury
of the elderly patient associated with osteoporosis.1,8,21,22 Though
results have clearly improved, the literature still reports consider-
able rates of postoperative secondary displacement.7,8,23–25

Among other mechanisms of failure, the problem of achieving
adequate primary stability in an osteoporotic bone stock
frequently remains unsolved in these cases. One reason could be
the local distribution of bone quality within the humeral head, that
is, it remains unclear in what quality of bone screws of standard
implants purchase.26 An approach to enhance the primary stability
of implants in vitro is to augment them using bone ce-
ment.11,12,27,28 For the proximal humerus this was demonstrated
in principle by inserting 10 ml of calcium phosphate cement in the
metaphyseal and diaphyseal regions of a three-part proximal
humerus fracture model.6 However, the local distribution of bone
quality is not addressed with this technique. The purpose of the
present study was to investigate the efficacy of cement augmen-
tation of locked plating in consideration of the local distribution of
bone quality within the humeral head.

Considering the effect of augmentation in general, the results
are in accordance with the literature.6,13,18 As demonstrated
previously, the augmented group withstood significantly more
load cycles. In addition, the correlation between BMD and load
cycles until failure for the two groups demonstrated that
augmentation to a certain degree compensated for a low BMD.
The recent study by Unger et al. showed a statistically significant
improvement of the primary stability in a proximal humerus
fracture model when augmenting the four most proximal screws
of a PHILOS plate with 0.5 ml of PMMA each.18 By contrast, there
are some fundamental differences in the design of the present
study which could improve the efficacy of the method: Only two
screws were augmented, using 0.5 ml of PMMA per screw, which
led to a 50% improvement in the number of load cycles
withstood. Using twice as many screws with the same amount
of PMMA per screw in the study by Unger et al. led to an
approximately 54% improvement in the load cycles withstood
and thus marginally more.18 In our opinion, the main reason for
this is the rationale which was used for choosing the screws to be
augmented. They, like other authors, randomly chose the
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anatomical location or number of screws to be augmented.6,18 By
contrast, we determined the local bone quality along the course
of the six proximal screws of the PHILOS plate as determined by
the aiming block of the device.16 Using both high-resolution CT
scans and mechanical torque, two screws aimed at the
anteromedial or -inferior region of the humeral head were
identified as aimed at the region of the lowest BMD.16

Augmenting these two screws was almost as effective as
augmenting twice as many screws using twice as much PMMA.18

Therefore, the major strength of the present study is the
combination of the local determination of bone quality with
targeted cement augmentation of particular screws which the
previous identified as aiming at regions of low bone quality.
Weak points of the study are, besides a small sample size, the
typical ones of any proximal humerus fracture model, that is,
realistic simulation of comminution and fragment displacement.
Another critical aspect of the study are the potential negative
biological side effects of cement augmentation close to the joint
cartilage, which were not a subject of the present study and
therefore no conclusions can be drawn.29–31 In addition to the
interaction of bone cement being injected close to cartilage, the
optimum amount should be an aspect of future research.
Considering the DensiProbeTM clinical use from a technical point
of view is possible since the system is adapted to a standard
locking plate. Therefore, as a next step an in vivo study should be
performed to clarify if the system provides reliable and
reproducible results.

With respect to the clinical application the results of the present
study emphasise the beneficial mechanical aspects of in vitro

cement augmentation. In addition, the authors consider a
knowledge of local bone quality as provided by the DensiProbeTM

of great potential because it can help to be more effective in
augmenting, which could mean a reduction of valuable OR time
and potential negative side effects of inserting bone cement
(extravasation, heat necrosis and disturbance of subchondral blood
supply) due to a reduced amount without fundamentally limiting
the stability. The DensiProbeTM together with cement augmenta-
tion could therefore be effective to perform more ‘customised’
procedures helping to improve the outcome of surgical treatment
of osteoporotic proximal humerus fractures in the future.

Conclusion

In the present study, cement augmentation in a proximal
humerus fracture model led to a significant improvement in the
primary stability. Two screws aimed at a region of low bone quality
were augmented, which was almost as effective as augmenting
twice as many screws in a previous study. The intra-operative
knowledge of local bone quality could therefore be helpful in being
more effective in exploiting the positive mechanical effects of
cement augmentation.
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ORIGINAL ARTICLE

Potential of polymethylmethacrylate cement-augmented helical
proximal femoral nail antirotation blades to improve implant
stability—A biomechanical investigation in human cadaveric

femoral heads

An Sermon, MD, Vanessa Boner, MSc, Andreas Boger, PhD, Karsten Schwieger, PhD,
Steven Boonen, MD, PhD, Paul L. Broos, MD, PhD, Robert G. Richards, PhD,

and Markus Windolf, Dipl Ing, Leuven, Belgium

BACKGROUND: Cement augmentation may improve fixation stability and reduce cut-out rate in the treatment of intertrochanteric hip fractures. The
aim of this study was to compare the number of cycles to failure of polymethylmethacrylate (PMMA)-augmented helical blades
with nonaugmented ones in human cadaveric femoral heads.

METHODS: Six pairs of cadaveric femoral heads were instrumented with a perforated proximal femoral nail antirotation blade. Within each
pair, one blade was augmented using 3 mL of PMMA. All specimens underwent cyclic axial loading under physiologic conditions.
Starting at 1,000 N, the load was monotonically increased by 0.1 N/cycle until construct failure occurred. To monitor the migration
of the blade, anteroposterior radiographs were taken at 250 cycle increments. Nonparametric test statistics were done to calculate
correlations and identify differences between study groups.

RESULTS: Inducing failure required a significantly higher number of cycles in the augmented group (p � 0.028). Bone mineral density was
significantly related with the number of cycles to failure in nonaugmented specimens (p � 0.001, R2 � 0.97), but not in the
augmented group (p � 0.91, R2 � 0.34).

CONCLUSION: Implant augmentation with small amounts of PMMA enhances the cut-out resistance in proximal femoral fractures. Especially in
osteoporotic bone, the procedure may improve patient care. (J Trauma. 2012;72: E54–E59. Copyright © 2012 by Lippincott
Williams & Wilkins)

KEY WORDS: Intertrochanteric hip fracture; cut out; helical blade; cement augmentation; cadaveric study.

Recently developed intramedullary implants with new fea-
tures are increasingly used in the treatment of intertro-

chanteric hip fractures.1,2 With the introduction of helical
blade designs for improved anchorage in the femoral head,
the incidence of cephalic implant cut out has dropped from
�12%3 to 3.6%.4 However, in the light of the known demo-
graphic pressure and the aging of the population, optimizing
fracture fixation remains a priority. Particularly in osteopo-
rotic bone, providing confident and reliable fracture treatment
could lead to earlier load bearing and functional recovery
with the potential to reduce morbidity and even mortality.
The mechanical competence of osteosynthesis depends on a
number of factors. In addition to surgery-related issues, such
as insufficient reduction or suboptimal implant positioning,5–7

bone quality would also seem to be critically important.8 In
older individuals, bone quality tends to be compromised by
osteoporosis, a systemic skeletal disease that continues to
become more prevalent but also continues to be underesti-
mated and undertreated.9 Cement augmentation of cephalic
hip implants may enhance the implant anchorage, as shown in
biomechanical studies.10,11 The proximal femoral nail antiro-
tation (PFNA; Synthes GmbH, Bettlach, Switzerland) was
adapted for additional bone cement application to improve
mechanical competence. The PFNA blade is laterally perfo-
rated along its axis to enable controlled cement injection
through the cannulation of the implant into the cancellous
bone structure. Augmentation is performed using a new
acrylic cement formulation with medium to high viscosity.
The technique allows the surgeon to decide for or against
cement augmentation after the implant has been inserted.
Until now, we are not able to perform an intraoperative
quantitative assessment of the bone quality, but systems that
will enable us to perform an intraoperative mechanical as-
sessment of local bone strength are under development (Den-
siProbe AO Research Institute, Davos, Switzerland). The
purpose of this in vitro study was to analyze the biomechani-
cal potential of a newly proposed PFNA cement augmenta-
tion concept in osteoporotic human specimens.
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MATERIALS AND METHODS
Six pairs of fresh frozen (-20°C) human cadaveric

proximal femurs with low bone density12 were used in this
study, selected out of 15 pairs of femurs from female donors
above the age of 80 years according to bone mineral density
(BMD). BMD was measured by peripheral quantitative com-
puted tomography (pQCT) using an Xtreme-CT (SCANCO
Medical AG, Bassersdorf, Switzerland). A cylindrical area of
20 mm diameter and 30 mm length in the center of the
femoral head was evaluated, corresponding to the target
location of the helical blade and cement cloud. The six paired
samples with the lowest BMD values were included in the
study. One femur of each pair was randomly assigned to
conventional helical blade fixation, whereas the contralateral
one was treated with a cement-augmented helical blade.

The instrumentation was performed pairwise by an
experienced surgeon. Each femur was sawed 50 mm distal to
the articular surface, in a plane orthogonal to the planned
implant axis. To place a guidewire in the center of the
femoral head, a custom-made jig was used (Fig. 1). The
guidewire was inserted to a depth of 40 mm to avoid perfo-
ration of the femoral head. Perforated PFNA blades (PFNA
Blade, perforated, length 100 mm, 04.027.035S; Synthes
GmbH, Oberdorf, Switzerland; Fig. 2) were inserted over this
K-wire without predrilling to a depth of 38 mm. Hence, a 12
mm distance was left between the tip of the implant and the
apex of the femur corresponding to a tip-apex distance of 24
mm according to the definition of Baumgaertner et al.5
Subsequently, the guidewire was removed. In the augmented
group, a side opening disposable cannula (Traumacem Nee-
dle Kit, Ø 3.3 mm cannula with side opening, 03.702.120S;
Synthes GmbH; Fig. 2) was filled with polymethylmeth-
acrylate (PMMA) bone cement (Vertecem V�, LOT
09CA53010; Synthes GmbH) with 3 mL syringes (Viscosafe
Injection Kit, 07.702.210; Synthes GmbH) and inserted into
the cannulation of the blade to the full depth. Augmentation
of the implant with 3 mL of bone cement was performed in
a standardized manner with the plunger provided with the

cannula system (Traumacem Needle Kit, Ø 3.3 mm Cannula
with side opening, 03.702.120S; Synthes GmbH); 1 mL and
0.5 mL etched markings on the plunger provided information
on the amount of injected cement. After injection of 1 mL of
PMMA through the perforations of the blade into the cranial
side of the femoral head, the cannula was turned 180°, allowing
caudally directed injection of another 1 mL. Subsequently, the
cannula was withdrawn over 10 mm, and the same procedure
was repeated by injecting 0.5 mL of PMMA twice.

Mechanical testing was conducted according to the
model described by Sommers et al.13 (Fig. 3), simulating an
unstable intertrochanteric fracture with a lack of posterome-
dial support and load sharing at the fracture gap. Implant

Figure 1. Custom-made jig for guidewire placement in the
centre of the femoral head.

Figure 2. Modified PFNA blade with 12 lateral perforations
for cement injection. A disposable side opening cannula was
used for controlled cement application. The cannula was first
inserted into the implant cannulation to the full depth to
inject 2 mL of bone cement and then withdrawn by 10 mm
to inject another 1 mL.

Figure 3. Setup for mechanical testing according to Som-
mers et al. The sample is free to rotate around the implant
axis and can collapse into varus. An x-y table compensates
the resulting displacements. A K-wire allows for detection of
the head motion. A physiological loading trajectory is trans-
ferred to the head in physiological orientation and is cycli-
cally increased until failure of the construct.

J Trauma
Volume 72, Number 2 Sermon et al.

© 2012 Lippincott Williams & Wilkins E55



blade shafts were rigidly mounted to a base fixture at 149° to
the vertical plane. This setting reflects a 130° femoral neck
angle, a 16° resultant joint load vector to the vertical, and 3°
offset of the femoral shaft axis from the sagittal plane. The
femoral heads were mounted on a polymer back plate that
rested on two cylindrical rollers, allowing for varus collapse
of the head and simulating the characteristics of a reduced
unstable intertrochanteric fracture. The blade was free to
slide, mimicking full implant dynamic. Testing was per-
formed on a MTS Mini Bionix II 858 hydraulic test system
(MTS Systems Corp., Eden Prairie, MN) equipped with a 4
kN load cell. To simulate an alternating load during walking,
a loading trajectory resulting from in vivo measurements in
the human hip was transferred to the femoral head.14 Starting
at 1,000 N, the peak load was monotonically increased by 0.1
N/cycle, whereas the load valley of the trajectory was main-
tained at 100 N.15 Cyclic testing was performed at 2 Hz and
was stopped when the displacement of the machine actuator
exceeded 10 mm. This value provoked a distinct damage at
the bone-implant interface in all cases allowing meaningful
retrospective data evaluation.

Data acquisition was performed by radiographic imag-
ing using an image intensifier (Siemens Arcadic Varic,
Siemens Medical Solutions AG, Munich, Germany). Antero-
posterior radiographs were taken every 250 cycles at the
minimum load to monitor the movement of the head with
respect to the blade. The position of the image intensifier
was maintained constant throughout the experiment. The
varus rotation of the femoral head with respect to the initial
X-ray was determined from the radiographs by means of
image processing algorithms (Matlab, Mathworks Inc.,
Natick, MA). A varus collapse of 2°, indicative for loos-
ening of the helical blade, was defined as the point of
failure. The number of test cycles to failure was identified
for all specimens. After assessing data distribution (Sha-
piro-Wilk test), paired nonparametric test statistics (Wil-
coxon signed-rank test) were done to identify differences
between groups regarding cycles to failure and BMD.
Spearman’s correlation coefficient R2 was calculated for
cycles to failure and BMD for both groups. The signifi-
cance level was set � � 0.05.

RESULTS
BMD of the six bone pairs was 142 mgHA/cm3 on

average with a standard deviation (SD) of 35. No statistical
difference (p � 0.35) was found for BMD between groups
(nonaugmented: 145 mgHA/cm3 [SD, 42]; augmented: 138
mgHA/cm3 [SD, 30]).

The augmented specimens had to be subjected to a
significantly higher number of cycles to induce failure (p �
0.028). The mean number of cycles to failure was 22,708
(SD, 4,411) for the augmented and 15,042 (SD, 7,226) for the
nonaugmented group, respectively (Fig. 4). All constructs
failed by implant cut out, resulting in a varus-type collapse of
the femoral head (Fig. 5). No implant failures were observed
during the tests.

The relation between BMD and number of cycles to
failure is shown in Figure 6 for both groups. A significant

correlation was observed between BMD and the number of
cycles to failure for nonaugmented specimens (p � 0.001,
R2 � 0.97). No correlation was found in the augmented group
(p � 0.91, R2 � 0.34). A significant correlation was observed
between BMD and the percentage increase in cycles to failure
because of augmentation (p � 0.001, R2 � 0.99, nonpara-
metric test). The impact of cement augmentation was in-
versely related with BMD (Fig. 7).

Figure 4. Boxplots of the number of cycles until 2° of varus
rotation of the femoral head for both study groups. The
augmented samples revealed the highest stability.

Figure 5. Radiographs of an instrumented nonaugmented
specimen before (A) and after (B) testing and radiographs of
an instrumented augmented specimen before (C) and after
(D) testing. After intensive loading, the specimen shows typi-
cal varus collapse as clinically seen in the presence of cutout
in both the nonaugmented and the augmented case.
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DISCUSSION
The aim of this study was to compare PMMA-

augmented helical blades with nonaugmented controls in
human cadaveric femoral heads. A new augmentation-based
implant-set and the corresponding procedure for PFNA were
evaluated in a laboratory environment. The results confirmed
that even with small amounts of bone cement (in every
augmented specimen 3 mL of PMMA was injected), augmen-
tation significantly improves the implant anchorage in bone
of low quality. In the context of the loading protocol, the
constructs, on average, sustained 51% more load cycles when
cement augmentation had been performed. In augmented
specimens, no correlation was observed between BMD and
cycles to failure, supporting the concept that augmentation
rules out the impact of low bone quality and hence reduces
the impact of osteoporosis on the implant purchase. However,
the effect of augmentation is reduced with increasing bone
quality, suggesting that PMMA augmentation is primarily
useful in osteoporotic bone.

Translating the high-resolution peripheral quantitative
CT measurements to a clinical context needs to be performed
with caution, because dual energy X-ray absorptiometry is
the predominant method to diagnose osteoporosis. The fact
that we used samples from women over the age of 80
years—the segment of the population most at risk of osteo-
porotic fractures—further adds to the clinical relevance of our
findings. Other authors12 measured a representative popula-
tion of 174 cadaveric femora (median donor age, 87 years)
with CT and reported bone mineral densities corresponding to
�90 mgHA/cm3 to 290 mgHA/cm3. Hence, our data ranging
between 98 mgHA/cm3 and 220 mgHA/cm3 suggest that our
samples were representative of the overall elderly population.

Support for potential clinical benefits of implant aug-
mentation comes from both biomechanical and clinical stud-
ies. A significant increase in the initial fixation stability of a
modified and augmented hip screw compared with a conven-
tional one has been demonstrated in an intertrochantric
fracture model. In agreement with our findings, the most
improvement in the context of the lowest bone quality was
reported.10 Another biomechanical study provided evidence
for the benefit of hip screw augmentation under cyclic load-
ing, with significantly smaller head displacements and lower
failure rates in augmented specimens.11 In a clinical study, a
significantly lower complication rate in intertrochantric
fracture patients treated with cement augmentation was
reported.16

Despite supportive evidence, implant augmentation has
not achieved a clinical breakthrough yet. Reasons for the
rather restrained acceptance of the concept in the medical
community may be manifold. One explanation is that, up to
now, a standardized technique and a dedicated implant set
were missing. In this article, we present a procedure for
PFNA, which allows controlled injection of bone cement.
Standard instrumentation can be performed with the known
biomechanical advantages of blade implants.17 The lateral
perforations of the modified blade implant represent a poten-
tial weak point of the implant. Standardized material testing
of the implants, as performed by the manufacturer in before-
hand, revealed no increased risk for implant failure because
of the perforations. Furthermore, our tests did not reflect any
failure of the implant itself. If required, the anchorage may be
further enhanced by additional cement augmentation. In our
study, this was done according to a defined protocol. Com-
pared with previously reported augmentation techniques, pos-
sible devastating complications can be avoided by including
careful adaptations to this protocol, of which avoidance of
femoral head perforation, the use of a limited amount of
PMMA, and localization of the PMMA around the implant
are the most important.

In the current clinical workflow, feedback during sur-
gery is essentially based on subjective judgment by the
surgeon. Most hip fracture patients do not undergo dual
energy X-ray absorptiometry or CT measurement. However,
to prevent unnecessary cement injection, a quantitative as-
sessment of the bone quality might be useful, because cement
augmentation seems to be most effective in osteoporotic
bone. Mechanical assessment of local bone strength might be

Figure 6. Diagram showing the relation between BMD and
number of cycles to failure for both groups. A significant
correlation was observed between BMD and the number of
cycles to failure for nonaugmented specimens (p � 0.001,
R2 � 0.97). No correlation was found in the augmented
group (p � 0.91, R2 � 0.34).

Figure 7. Diagram showing the correlation between BMD
and difference in number of cycles to failure. A significant
correlation was observed between BMD and the percentage
increase in cycles to failure because of augmentation (p �
0.001, R2 � 0.99, nonparametric test). The impact of ce-
ment augmentation was inversely related with BMD.
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an alternative. In fact, in a number of biomechanical exper-
iments, measuring the breakaway torque of the local trabec-
ular structure (DensiProbe AO Research Institute) during
surgery has been proven to reliably predict implant cut out at
different anatomic regions.18 Application of this concept to
the hip is currently investigated in a clinical multicenter trial
and may ultimately be included in the PFNA implantation set
as a next step.

When using cement injection, extravasation of nonbio-
degradable bone cement into the hip joint might have devas-
tating consequences. A perforation of the K-wire through the
femoral head should therefore be avoided. In cadaver exper-
iments and in in vivo trials, preserved cortical and cartilage
layers were verified by injection of Iopramide contrast agent
(Ultravist 300; Schering AG, Zürich, Switzerland) before
cement application. When leakage of the contrast agent is
identified by radiography, augmentation should be strictly
avoided. One strategy to reduce the risk of cement leakage is
to use a new type of PMMA cement with a medium to high
viscosity.19 In our cadaver experiments, it seemed that the
required injection pressure increased with increasing BMD.
In fact, in some of our pilot specimens with higher bone
density values, it was not even possible to manually inject
cement into the bone structure. In some experiments, we
recognized a scattered, uneven distribution of the PMMA
along the blade axis despite a standardized augmentation
technique (Fig. 5), with PMMA accumulating at the tip or at
the base of the helical blade or at the cranial or caudal site,
respectively. In addition to inhomogeneities of the bone
structure, cancellous bone compaction as a result of implant
insertion15 might impede or redirect the cement flow toward
a certain region. However, the relevance of these issues from
a clinical perspective remains to be clarified. Nevertheless,
from a biomechanical perspective, it would seem that the
cement should be concentrated at the implant tip and that
radiographic monitoring of cement distribution is recom-
mended. Baumgaertner et al.5 already expressed the impor-
tance of the tip-apex distance as key factor for a successful
component outcome. Mechanically, reducing the distance
between implant tip and apex reduces the lever arm of the hip
joint contact force and hence diminishes the stresses in the
bone structure. Accentuated presence of bone cement at the
tip might therefore be beneficial from a biomechanical per-
spective. The individual roles of several key factors, such as
cement location, amount of cement, tip-apex distance, with
regard to the implant anchorage is still unclear and will be the
subject of future experiments.

Potential drawbacks of PMMA augmentation such as
cement leakage, fat emboli, toxicity, thermal effects, and devas-
cularization are directly related to cement volume and distribu-
tion.20 Contrary to studies performed by pioneers in PMMA
application for the treatment of unstable intertrochanteric hip
fractures,21 we used comparatively small amounts of bone ce-
ment (3 mL) to minimize impact on the biological environment.
The risks of cement leakage and fat emboli have been evaluated
in vertebroplasty related studies, where in an extreme case of
multiple level augmentation total cement volumes of up to 25
mL have been advocated as safe,22 but this should also be

evaluated in the hip joint. In addition to cement volume, heat
generation may have safety implications as well. One of the
concerns with heat generation because of exothermic polymer-
ization is osteocyte necrosis. According to a previously per-
formed ex vivo study,23 cement volume may not affect bone
sensitivity to thermal destruction. Finally, it should be noted that
chondrocytes might be more sensitive to the deleterious effects
of PMMA than osteocytes. Therefore, any subchondral local-
ization of bone cement should be avoided.24 The absence of
temperature monitoring at the surface of the femoral head during
the application of PMMA, can be considered as a first limitation
of this study. Besides this, some other limitations need to be
mentioned. First of all, only one mode of failure (varus collapse
and cut out of the helical blade) was tested, whereas other modes
of failure like backing-out of the helical blade and nonsliding of
the system have been mentioned in clinics. Second, only
uniaxial loading was tested, whereas multiplanar loading,
more suggestive to normal gait, was not tested. In our
experiments, a suboptimal implant position was chosen as
represented by a rather large tip-apex distance (24 mm
according to Baumgaertner et al.). This configuration cre-
ated a worst case scenario and provoked clinical failure
even in specimens with healthy bone stock. However,
clinically a reduced tip-apex distance is recommended.

With regard to implant removal, our tests in the labo-
ratory did not reveal any difficulties to withdraw the blade
from the cement volume. A layer of fat and bone marrow
between implant and cement might prevent bonding of the
materials. In the unlikely event of a revision osteosynthesis,
where arthroplasty would normally be the operation of
choice, it was already suggested to power drill and tap
PMMA cement.

Some of the above-mentioned risks and dangers are
related to the nature of acrylic-based biomaterials. Biode-
gradable bone cements, e.g., those based on calcium phos-
phates, are upcoming. Possible advantages are disintegration
of leaked cement, the absence of an exothermal reaction, and
the feasibility of revision operations.25 Nevertheless, inferior
biomechanical properties disqualify currently available bio-
degradable alternatives for the indented use.11 Moreover,
their disappearance over time because of resorption questions
the application in old and frail patients in whom avoidance of
fixation failure and refracturing are of utmost importance.

CONCLUSION
This ex vivo study shows that implant augmentation

with small amounts of bone cement significantly enhances the
cut-out resistance in proximal femur fractures treated with a
modified PFNA. The procedure is primarily indicated for osteo-
porotic bone and seems to be a valuable treatment option with
clinical benefits in the elderly that seem to outweigh any possible
risks associated with implant augmentation.
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Background: Helically shaped cephalic implants have proven their benefit to provide an improved
stabilization of unstable hip fractures. However, cut out ratios up to 3.6% still occur. This in vitro study
evaluated the biomechanical performance of a novel cement augmentation technique of the Proximal
Femoral Nail Antirotation in surrogate femora.
Methods: Four study groups were formed out of 24 polyurethane foam specimens with low density. Proximal
Femoral Nail Antirotation blades were implanted, either non-augmented, or augmented using 3 ml of
injectable Polymethylmethacrylate bone-cement. The influence of implant mal-positioning was investigated
by placing the blade either centered in the femoral head or off-centric in an anteroposterior direction. All
specimens underwent cyclic loading under physiological conditions. Starting at 1000 N, the load was
monotonically increased by 0.1 N/cycle until construct failure. Movement of the head was identified bymeans

of optical motion tracking. Non-parametric test statistics were carried out on the cycles to failure, to compare
between study groups.
Findings: Compared to control samples; augmented samples showed a significantly increased number of
cycles to failure (P=0.012). In the groups with centric position of the Proximal Femoral Nail Antirotation
blade, cement augmentation led to an increase in loading cycles of 225%. In the groups with off-centric
positioning of the blade, this difference was even more accentuated (933%).
Interpretation: Cement augmentation of the Proximal Femoral Nail Antirotation blade with small amounts of
bone-cement for treatment of osteoporotic hip fractures clearly enhances fixation stability and carries high
potential for clinical application.

© 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Among fragility fractures, hip fractures constitute the most
dramatic complication of osteoporosis and a major public health con-
cern. From a clinical perspective, the major concern is the associated
morbidity and mortality. Up to 25% of fragility-related hip fracture
patients die in the year following their fracture and of those who do
survive, again some 20% will have to be institutionalized because of
the fracture and its clinical consequences (Block and Stubbs, 1997;
Boonen et al., 2004; Cauley et al., 2000; Ioannidis et al., 2009; Shi et al.,
2009). Because of the aging of the population, the incidence and costs
edical Services AO Research
rland and Joint Clinical Head,
huisberg, Leuven, Belgium.
).

l rights reserved.
related to hip fractures will continue to increase exponentially. By
2025, there will be an estimated more than three million annual
incident fractures in the United States, creating direct medical costs
of $ 25 billion (Burge et al., 2007). Despite new developments in
the management of age-related osteoporosis, a lack of awareness
continues to contribute to underdiagnosis and undertreatment of
the disease (Boonen et al., 2008). In addition to surgeon-dependent
factors like quality of reduction and correct positioning of the implant,
bone quality plays a major role in the occurrence of fixation failure
(Barrios et al., 1993; Baumgaertner and Solberg, 1997; Baumgaertner
et al., 1995). Especially cut out, a failure mechanism characterized by
migration of the implant through the cancellous bone of the femoral
head, is significantly related to the bone mineral density of the
proximal femur (Leichter et al., 1982; Swiontkowski et al., 1987). Cut
out ratios up to 12.6% are reported in literature when using screw-
based fixation types like the Dynamic Hip Screw (DHS), Gammanail or
Proximal Femoral Nail (PFN) for the treatment of unstable inter-
trochanteric fractures (Al Yassari et al., 2002; Boldin et al., 2003; Davis

http://dx.doi.org/10.1016/j.clinbiomech.2011.07.006
mailto:an.sermon@uzleuven.be
http://dx.doi.org/10.1016/j.clinbiomech.2011.07.006
http://www.sciencedirect.com/science/journal/02680033


Table 1
Study design in terms of study groups.

Group Treatment Implant position

1 Non-augmented Center
2 Augmented Center
3 Non-augmented Off-center
4 Augmented Off-center
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et al., 1990; Gadegone and Salphale, 2007; Schipper et al., 2004;
Simmermacher et al., 1999). Helical and spiral blade concepts have
been proven to biomechanically improve resistance to cut out
(Windolf et al., 2009a, 2009b). However, cut out ratios of the Proximal
Femoral Nail Antirotation (PFNA) of up to 3.6% are still seen in clinics
(Mereddy et al., 2009; Simmermacher et al., 1999; Takigami et al.,
2008). The application of bone-cement based on for example,
polymethylmethacrylate (PMMA) could potentially further reduce
the risk of cut out in severe osteoporotic cases. Biomechanically, a
clear benefit of cement augmentation has already been demonstrated
as exemplified by dynamic hip screw instrumentations placing the
implant into an afore-injected cement volume (Kramer et al., 2000;
von der Linden et al., 2006). Improved resistance to cut out is believed
to relate mainly to an increase in implant surface with reduced stress
on the trabecular structure. Clinically, the first attempts of implant
augmentation with promising outcome were reported back in 1985
(Bartucci et al., 1985). Surprisingly however, the technique never
became clinical routine. This is most probably because of the concerns
in the medical community regarding interference with fracture
healing due to excessive cement application and the presence of
cement at the fracture site, the possible damage to periostal blood
supply leading to femoral head necrosis, leakage of PMMA into the hip
joint and the difficulties regarding implant removal (Augat et al.,
2002; Bartucci et al., 1985; Eriksson et al., 2002; Heini et al., 2004;
von der Linden et al., 2006). Some of these objections however have
already been disproven: nonunion can be avoided by keeping the
cement to the proximal fragment and out of the fracture site (Bartucci
et al., 1985). Furthermore newly designed implants which allow
for augmentation through the implant, will prevent cement leakage
into the hip joint or into the fracture area (Augat et al., 2002; von der
Linden et al., 2006). Finally, thermal necrosis can be avoided by the
use of limited amounts of PMMA (not more than 3 ml) (Boner et al.,
2009). By changing the properties of the PMMA and making it
more viscous, the risk of cement leakage can even be further mini-
mized (Rüger and Schmoelz, 2009).

In the current study, perforated PFNA-blades were augmented
with 3 ml of an injectable medium to high viscosity PMMA cement.
The cannulation of the implant and additional perforations allow for
injection of the cement into the surrounding bone tissue subsequent
to implant insertion. Hence, a decision in favor or against cement
augmentation can be taken intra-operatively after the implant has
been placed. The aim of our study was to biomechanically compare
cut out resistance and rotational stability under cyclic loading of
PMMA augmented PFNA-blades with non-augmented instrumenta-
tion in surrogate femoral heads. In order to be able to provoke failures,
a suboptimal implant positioning was chosen in two ways. First of
all, in all study groups, a tip–apex distance of 24 mm was chosen.
According to the literature, this rather large tip–apex distance would
make the specimen more prone to cut-out (Baumgaertner et al.,
1995). Secondly, an off center position of the helical blade would
create a moment arm, making the construct rotationally unstable.
Fig. 1. Foam specimen and instrumentation. 1a: Foam specimen. 1b: Foam specimen
confined to polymer shell with custom-made jig on top for guide-wire placement either
in the center of the femoral head or at 7 mm anteroposterior offset. 1c: Insertion of the
PFNA-blade to a standardized depth.
2. Methods

2.1. Specimens and instrumentation

A total of 24 surrogate specimens with defined geometry were
manufactured of cellular polyurethane foam (10 pcf, 1522–10, Pacific
Research Inc., Malmö, Sweden). This closed cell foam represents a
standardized and uniform material with properties in the range
of human cancellous bone. A density of 10 pcf (pounds per cubic
foot, 160.2 kg/m³) was chosen to mimic an osteopenic bone structure
(ASTM International, 2001). Four study-groups (augmented/non-
augmented with centered or off-centered implant position) were
formed, each comprising 6 samples (Table 1).
The foam specimens (length 50 mm, width 38 mm, height 50 mm,
Fig. 1a) were confined to a custom-made polymer shell (diameter
56 mm)mimicking the cortex of the femoral head for subsequent load
introduction. With the aid of a special jig, a 3.5-mm guide-wire was
inserted into the foam either centered (groups 1 and 2) or with a
7 mm antero-posterior offset (groups 3 and 4) generating a moment
toward negative pitch of the blade under physiological loading
conditions (Fig. 1b). Standard PFNA-blades (length 100 mm, Synthes
GmbH, Bettlach, Switzerland) were inserted over the guide-wire
without predrilling to a depth of 38 mm, yielding a 12 mm distance
between the implant tip and the apex of the foam (Fig. 1c). For the
augmented groups 2 and 4 modified PFNA-blades (length 100 mm,
Synthes GmbH, Bettlach, Switzerland) with 12 lateral perforations
were used (Fig. 2). To inject the bone-cement, the guide-wire was
removed and a side opening cannula (Vertebroplasty Needle Kit, 8 Ga,
Articlenumber: 03.702.216S, Synthes GmbH, Oberdorf, Switzerland,
Fig. 2) was inserted into the cannulation of the implant to the full
depth. The side opening at the tip of the cannula was enlarged to
a dimension of 3×12 mm. Injection of 3 ml PMMA bone-cement
(Vertecem V+, Synthes GmbH, Oberdorf, Switzerland) was done in a
standardized manner: after mixing of the components, the cement
was filled into 3.0 and 1.0 ml syringes (Viscosafe Injection Kit,
Articlenumber: 07.702.210, Synthes GmbH, Oberdorf, Switzerland)
(Boger and Wheeler, submitted for publication). First of all, the
cannula was prefilled with 3.0 ml of PMMA. Subsequently, 1.0 ml of
PMMA was injected through the perforations of the blade into the
foam toward cranial. After turning the cannula by 180°, another 1.0 ml
was injected. Finally, the cannula was withdrawn by 10 mm and
the procedure was repeated injecting 0.5 ml cement toward cranial
and 0.5 ml toward caudal.

2.2. Mechanical testing

Mechanical testing was conducted according to the model
described by Sommers et al. simulating an unstable intertrochanteric
fracture with lack of postero-medial support and load sharing at
the fracture gap (Sommers et al., 2004). Implant shafts were rigidly
mounted to a base fixture at 149° to the horizontal plane. This setting
reflected a 130° femoral neck angle, a 16° resultant joint load vector to
the vertical plus 3° offset of the femoral shaft axis from the sagittal
plane (Fig. 3a and b). The femoral surrogates were confined in a



Fig. 2. Modified PFNA-blade with 12 lateral perforations for cement injection. A side-
opening cannula was used for controlled cement application. The cannula was first
inserted into the implant cannulation to the full depth to inject 2 ml of bone cement
and then withdrawn by 10 mm to inject another 1 ml.

Fig. 3. Setup for mechanical testing according to Sommers et al. 3a. Illustration of the simu
assumed tilting of the femoral shaft of 3°, a 130° CCD angle of the implant plus a 16° offset
implant axis and direction of the force. 3b. Test set-up: the sample is free to rotate about t
displacements. A set of retro-reflective markers allows for detection of the head motion in s
(not visible here) to measure migration of the implant. A physiological loading trajectory is tr
of the construct (arrow ‘F’). The 149° angle between the implant axis and the direction of th
Rotation around the blade axis, where the movement is indicated by the arrow.
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plastic shell to simulate the characteristics of a reduced unstable
intertrochanteric fracture. A polymer back plate rested on two
cylindrical rollers allowing the head to collapse into varus. The
implant was free to slidemimicking full implant dynamic. Testing was
performed on an MTS Mini Bionix II 858 hydraulic test system (MTS
Systems Corp., Eden Prairie, USA) equipped with a 4 kN load cell.
In order to simulate an alternating load during walking, a loading
trajectory measured in vivo in the human hip was transferred to
the femoral head. The curve was provided by Bergmann et al.
(2001). Starting at 1000 N the load was monotonically increased by
0.1 N/cycle until failure of the construct according to the protocol of
Windolf et al. (2009a, 2009b). The load-valley was maintained at
100 N throughout the test. Cyclic testing was performed at 2 Hz.
Testing was stopped when the crosshead displacement exceeded
7 mm.

2.3. Data acquisition and evaluation

Using an optical 3D motion tracking system with five ProReflex
MCU digital cameras (Qualisys AB, Gothenburg, Sweden) the motion
of the surrogate femoral head in terms of varus rotation and rotation
around the implant axis was evaluated throughout the experiment.
A reflective marker set was attached to the plastic shell (Fig. 3b).
lated force introduction at the proximal femur according to Sommers et al., 2004: an
of the resultant hip joint contact force to the vertical results in a 149° angle between

he implant axis and could collapse into varus. An x–y table compensates the resulting
ix degrees of freedom. A second set of markers was attached to the shaft of the implant
ansferred to the head in physiological orientation and is cyclically increased until failure
e force are also shown. 3c. Varus collapse, the movement is indicated by the arrow. 3d.

image of Fig.�2
image of Fig.�3


Fig. 5. Boxplots of the number of cycles until 5° varus collapse of the femoral head for
all study groups. The augmented samples with centric implant position revealed the
highest stability; the non-augmented, eccentric specimens failed earliest in the course
of testing. All groups were statistically different with respect to each other
(all P=0.012).
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Additionally, a set of markers was attached to the shaft of the PFNA-
blade in order to measure implant migration. For statistical analysis,
failure criterions were set to 5° varus collapse and 10° rotation about
the blade axis (Fig. 3c and d). Blade migration was defined as dis-
placement of the implant tip greater than 1 mm. Number of cycles
until failure at unloading condition (plastic deformation) was
determined for each failure criterion. After checking the data for
normal distribution (Shapiro–Wilk test), non-parametric test statis-
tics were carried out. Multiple Mann–Whitney-U tests were per-
formed on the cycles until failure for pairwise comparisons between
study-groups. P-values were corrected according to Bonferroni.
Significance level was set to α=0.05.

3. Results

Compared to control samples, augmented samples showed an
increased number of cycles to failure. The samples of the non-
augmented groups 1 and 3 failed by cut out of the implant, resulting in
a varus collapse of the femoral head. In the presence of augmentation,
the cement was split into a cranial and a caudal segment (Fig. 4).
No severe damage of the implants was observed during the tests.
For centric position of the PFNA-blade, the number of cycles to 5°
varus rotation of the head was mean 8317 (SD 1205) for the non-
augmented group (1) compared to mean 27,025 (SD 3077) for the
augmented group (2). This reflects a 225% increase in load cycles due
to augmentation. This difference was even more pronounced in the
study-groups with eccentric implant position (933% increase). Cycles
to 5° varus collapse of the head were mean 1992 (SD 1771) for
the non-augmented specimens (group 3) compared to mean 20,575
(SD 1548) cycles when augmentation was performed (group 4). All
pairwise comparisons between study-groups regarding varus rotation
revealed statistically significant differences (all P=0.012). Fig. 5
shows the varus rotation of all groups in the course of testing. In
contrast to the specimens with centric blade position, all specimens of
the groupswith off-centric blade placement (groups 3 and 4) revealed
additional head rotation around the blade axis. Number of cycles to
10° head rotation was mean 1200 (SD 1376) for the non-augmented
off-center group (3) and mean 20,575 (SD 1548) for the augmented
off-centric specimens (group 4). This difference was significant
between groups (P=0.002) (Fig. 6). In the off-center group without
augmentation (3), 3 out of 6 samples showed early failure due to
backing out of the blade (migration N1 mm). As soon as the test
started, the blade tended to wander out of the surrogate toward
distal with simultaneous rotation of the femoral head.

4. Discussion

The problem of fixation failure of cephalic hip implants for the
treatment of intertrochanteric fractures is well known. Causes can be
divided into two major groups. First of all, there are a number of
surgeon and surgical technique related issues, like insufficient
Fig. 4. Radiographs of an instrumented specimen before (left) and after testing (right).
Left: A cement cloud surrounding the PFNA-blade increases the anchorage. Right: After
intensive loading, the cement volume is split and the specimen shows typical varus
collapse as clinically seen in the presence of cut out.
reduction or suboptimal positioning of the implant (Baumgaertner
et al., 1995; Pervez et al., 2004). Secondly, fixation failures are more
likely to occur in osteoporotic bone (Barrios et al., 1993). New implant
designs have improved failure rates but cut outs remain an issue
(Mereddy et al., 2009; Takigami et al., 2008). Because osteoporosis
continues to be underdiagnosed and undertreated, surgical options
are mandatory (Cummings et al., 2002; Swiontkowski et al., 1987).
Both in biomechanical and clinical studies, the technique of cement
augmentation of cephalic implants to increase the anchorage in
osteoporotic femoral heads has been successfully introduced (Augat
et al., 2002; Bartucci et al., 1985; Eriksson et al., 2002; Moore et al.,
1997; Szpalski et al., 2004; von der Linden et al., 2006).

This in-vitro study evaluated a novel PMMA augmentation concept
of the helical blade of the Proximal Femural Nail Antirotation (PFNA)
in terms of cut out resistance and rotational stability using surrogate
femoral heads. The augmented implants with centered position
showed an increase in the number of cycles to fatigue failure by
225% when compared to non-augmented controls. In cases of
eccentric implant placement, this difference was even more pro-
nounced. In agreement with other studies, these results strongly
suggest that augmentation enhances implant anchorage and carries
potential to prevent fixation failure, even in caseswithmal-positioned
hardware (Bartucci et al., 1985; von der Linden et al., 2006). However,
in the first instance, augmentation is meant to compensate for
Fig. 6. Boxplots of the number of cycles until 10° rotation of the sample about the
implant axis for the study groups with eccentric implant position. The centrically
placed specimens did not exceed this failure criterion. A highly increased stability due
to augmentation is obvious.
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reduced bone quality. Our study showed that off-centered positioning
affects implant purchase even when associated with augmentation.
Misinterpretation of the method as “all-purpose tool” against cut out
should be avoided in any case. Proper fracture reduction and accurate
implant positioning remain key factors to achieve a satisfying surgical
outcome.

Before augmentation can be embedded into the existing surgical
technique, some additional steps are needed. One strategy could be
to use perforated implants. The same implant could then be used
solely or combined with augmentation. The decision to augment
can be taken during the surgical intervention on the basis of distinct
criteria. The opportunity to inject bone-cement after placing the
implant represents a clear advantage in terms of safety. Major
complications, like missing the implant insertion during the curing
period of the cement, can be excluded. No implant failures were
observed during the course of testing. A relatively viscous type of
PMMA cement was used. It was technically feasible to inject the
PMMA but a comparatively high injection pressure was required. 1 ml
syringes provided a feasible transmission of the injection forces
and allowed for controlled cement application. By using injectable
medium-to-high viscosity PMMA, undesired cement leakage may
be avoided (Boger and Wheeler, submitted for publication). Cement
portions could block the sliding capability of the implant or could
squeeze into the fracture site. This might lead to healing complica-
tions like non-unions, persistence of non-reducible fracture gaps and
interference with periosteal healing (Augat et al., 2002; Cheng et al.,
1989). To minimize the risk for avascular- and heat-necrosis during
PMMA polymerization, and, in more general terms, to follow the
principle of minimal alteration of an existing biology, a limited
amount of PMMA (3 ml) was used (Boner et al., 2009; Heini et al.,
2004). Excessive application of PMMA could destruct cartilage
because of subchondral cement localization, or could generate fat
emboli. In addition, excessive amounts of PMMA alter the risk of
infection (Bartucci et al., 1985) due to the potential space for
bacteria adhesion and the possible tissue necrosis associated to heat
generation. With respect to implant removal, no problems were
encountered when withdrawing the blade from the cement volume.
Removal of the blades was performed on each test specimen with the
dedicated instrument and following the surgical technique as
provided by the manufacturer. The extraction screw driver was
attached to the blade by turning it counterclockwise and gentle blows
were applied with the hammer. As mentioned by other authors, the
cement sheared completely off the implant (Paré et al., 2011). The
relicts of bone-cement could complicate revision surgeries but
drillable PMMA, as used in this study, allows for anchoring implants
in a hardened state. The use of alternative biomaterials like
degradable Calcium-Phosphate cements might be an option for the
future. However, the mechanics of current formulations, especially
concerning shear (Eriksson et al., 2002), are still not comparable to
PMMA based solutions in load bearing applications.

A polyurethane foam model with comparatively low density
was used to imitate severely osteoporotic bone. The foam type was
chosen from pilot experiments to achieve an acceptable compromise
between loading regime, number of test-cycles until fatigue failure,
and failure patterns. All parameters were in line with those in
previous test trials using human cadaver bones in the same setting.
However, the question to what extent our results can be extrapolated
to clinical practice remains open. The use of synthetic bone structures
for biomechanical testing is still subject to ongoing debate (Papini
et al., 2007; Szivek et al., 1995). The foam we used showed closed
porosity, which might alter cement distribution compared to an open
trabecular structure. However, the derived cement volumes sur-
rounding the implants appeared homogenous and were comparable
to the infiltration observed in cadaver samples. In human bones,
trabecular structure and bone density might vary along the blade axis,
which could lead to a more scattered cement distribution. However,
as shown in another study, our cement was optimized to enhance
uniform filling (Boger and Wheeler, submitted for publication).

Our test setup simulated the dynamic situation of a reduced,
unstable intertrochanteric hip fracture after completion of implant
sliding (Sommers et al., 2004). A controlled load sharing between
implant and fracture site was established. Since our focus was on
the implant–bone interface, an isolated head model was deemed as
most practical despite general limitations. To avoid secondary failures,
PFNA-nail and femoral shaft fragment were not considered, limiting
the modeling of the actual biomechanical situation to an acceptable
extent. The center of varus-rotation was statically located at the
center of the roller, whereas the actual rotational center might
dynamically migrate. The polymer shell confining the head samples
does only marginally compared to the anatomical dimension of a
femoral head which alters the acting lever arm between joint force
vector and implant. However, the observed failure patterns like a
varus collapse of the femoral head were comparable to the ones seen
in clinic, supporting clinical relevance of our model. Cyclic testing was
performed using an in-vivo measured loading curve simulating the
main forces acting in the hip joint during gait (Bergmann et al., 2001).
A 3D motion analysis system was used for data acquisition because
spatial movement of the head fragment had to be assessed. Assuming
test fixture and implant as rigid, a reference marker-set was not
installed. Compliance of the system was therefore neglected.

To interpret our findings with more confidence, follow-up in-
vestigations on fresh frozen cadaveric femoral heads should include
assessment of bone mineral density. Ultimately, the full operational
procedure should be evaluated in a clinical setting. Potential issues
associated with cement injectability, cement leakage, implant
removal and revision surgeries will require further assessment before
bringing this promising technique into clinical practice.

5. Conclusion

Osteoporosis and osteoporotic fractures remain undertreated.
The technique of implant augmentation using bone-cement appears
to significantly enhance the implant anchorage in a context of poor
bone quality. Our promising in vitro results suggest that augmenta-
tion of the PFNA-blade with small amounts of PMMA cement in
the treatment of osteoporotic hip fractures clearly enhances fixation
stability and carries high potential for clinical application.
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ABSTRACT: Several studies proved the beneficial effect of cement augmentation of proximal femoral nail antirotation (PFNA) blades
on implant purchase in osteoporotic bone. We investigated the effect of different localizations and amounts of bone cement.
Polyurethane foam specimens were instrumented with a PFNA blade and subsequently augmented with PMMA bone cement. Eight
study groups were formed based on localization and amount of cement volume related to the blade. All specimens underwent cyclic
loading with physiological orientation of the force vector until construct failure. Foam groups were compared between each other and to
a cadaveric control group. The experiments revealed a significant dependency of implant purchase on localization and amount of
cement. Biomechanically favorable cement positions were found at the implant tip and at the cranial side. However, none of the tested
augmentation patterns performed significantly inferior to the cadaveric benchmark. These findings will allow surgeons to further
reduce the amount of injected PMMA, decreasing the risk of cement leakage or cartilage damage. � 2013 Orthopaedic Research
Society. Published by Wiley Periodicals, Inc. J Orthop Res

Keywords: implant augmentation; hip fracture; cement; osteoporosis; helical blade

With the use of fixation devices like helical blades for
treating proximal femoral fractures, the incidence of
cut-out of cephalic implants has decreased.1–5 Never-
theless failures occur. Besides surgeon-related factors
such as quality of the reduction and implant position-
ing, bone quality plays an important role in the
occurrence of mechanical complications.6,7 Due to the
aging population and relatively poor compliance to
drugs that prevent osteoporotic fractures, the inci-
dence of osteoporosis related fractures will increase.8

The technique of implant augmentation is based on
an increasing congruence between the implant and the
bone, reducing the stresses developed at the inter-
face.9,10 A biomechanical study on augmentation of
conventional hip screws showed beneficial results in
osteoporotic cadaveric bones.11 Subsequently, augmen-
tation was performed through a cannulated and perfo-
rated implant. In several in vitro studies, cement
augmentation of Proximal Femoral Nail Antirotational
blades (PFNA, Synthes GmbH, Bettlach, Switzerland)
proved beneficial in biomechanical performance in osteo-
porotic bone.12–14 Recently, the first clinical results of
PFNA helical blade augmentation were published.15

However, both in vitro and in vivo studies revealed
considerable variation of cement distribution around the
implant when using at least 3ml PMMA. Accurate
cement positioning seems difficult to achieve. The role of
localization and cement volume on implant purchase is
unclear. Determination of optimal cement localization

and volume could reduce the risk of hazards such as
cement leakage or adverse effects on the cartilage.16

We systematically investigated the effect of cement
localization and amount on the mechanical competence
of PFNA proximal femur constructs under cyclic
loading. We wanted to determine the position and
amount of cement needed to achieve sufficient implant
purchase in the osteoporotic femoral head with mini-
mal alteration of the biological system.

METHODS
Study-Groups
Thirty six surrogate foam specimens with defined geometry
were used to model human cancellous bone (Fig. 1). The
specimens consisted of cellular polyurethane foam (1522-10,
Pacific Research, Inc., Malmö, Sweden) with a density of
10 lbs/ft3 (160.2kg/m3) to simulate an osteopenic structure.13,17

Samples were divided into six groups (n¼ 6) with different
cement amounts and localization with respect to the blade
(Fig. 2 and Table 1). From a previous study, the mechanical
test raw data from a group with concentric distribution of 3ml
PMMA at the tip of the blade (n¼ 6) and a non-augmented
control group (n¼ 6) were re-evaluated to fit the failure
criterion of the present study (groups 7–8).13 Two other
reference groups were established from 12 fresh-frozen human
femoral heads by adding the re-evaluated mechanical test raw
data of the six non-augmented heads of a former study14 to the
mechanical test raw data of six heads instrumented with a
helical blade without augmentation for the present study. The
heads consisted of four right and eight left, eight females, and
four unknown at a mean age of 87.2� 5.2 years (mean�SD,
range¼ 81–96 years). Specimens were obtained from the
Department of Pathology, Kantonspital Basel, Switzerland,
with appropriate consent of the relatives.

Prior to testing, all specimens underwent BMD measure-
ments in the cancellous bone with peripheral quantitative
computed tomography (pQCT) using an Xtreme-CT (SCANCO
Medical AG, Bassersdorf, Switzerland). According to the
mechanical testing results, specimens were retrospectively
divided into “weak” and “strong” groups (groups 9–10, n¼ 6).
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Instrumentation
The foam specimens were placed in a custom-made polymer
shell to mimic the cortex of the femoral head for subsequent
load introduction. A special jig was used to introduce a 3.5-
mm guide-wire in the center of the foam. Perforated PFNA-
blades (length 100mm, Synthes GmbH, Fig. 3a) were inserted
over the guide-wire without predrilling to a depth of 38mm,
resulting in a 12mm distance between the implant tip and
the apex of the foam. This led to a suboptimal tip-apex
distance of 24mm to provoke failure as seen clinically.18

Subsequently, cement augmentation was performed
through the cannulation of the blades following a standard-
ized technique. In all augmented groups, the guide-wire was
removed and a side opening cannula (Vertebroplasty Needle
Kit, 8 Ga, Articlenumber: 03.702.216S, Synthes GmbH;
Fig. 3b) was prefilled with PMMA cement (Vertecem Vþ,
Synthes GmbH). Thereafter, 2ml (groups 1–5) or 1ml (group
6) of PMMA was injected through the perforations into the
foam by using 1ml syringes (Traumacem Vþ Syringe Kit,
Articlenumber: 03.702.130S, Synthes GmbH). In groups 1–3,
2ml of PMMA was concentrically distributed around the
blade’s base (group 1), center (group 2), or tip (group 3) by

injecting 1ml of PMMA to the cranial side, turning the
cannula by 180˚, and injecting another 1ml to the caudal
side. The cannula was completely inserted (group 3) and
subsequently withdrawn by 7 (group 2) or 12mm (group 1) to
position the cement at the respective localization along the
blade axis. In group 4, 2ml PMMA was placed at the caudal
side by inserting the cannula completely, injecting 1ml of
PMMA to the caudal side, withdrawing the cannula by 7mm
without turning it, and injecting another 1ml to the caudal
side. In group 5, 2ml of PMMA was placed at the cranial
side by inserting the cannula completely, injecting 1ml of
PMMA to the cranial side, withdrawing the cannula by 7mm
without turning it, and injecting another 1ml to the cranial
side. In group 6, 1ml of PMMA was injected to the cranial
side after inserting the cannula completely (Fig. 2).

By prefilling the cannula with cement and by inserting it
deep enough to enable the side opening to directly reach the
perforations of the blade in all study groups, the exact amount
of injected PMMA was known. Because the foam allows for
well-controlled cement distribution,13 a consistent cement
configuration was obtained for each study group (Fig. 4).

Human specimens were instrumented according to a pub-
lished protocol14 according to the procedure described above
without augmentation and without using the polymer shell.

Mechanical Testing
A previously described model13,14,19 simulating an unstable
intertrochanteric fracture was used. The setup allows the
head component to rotate into varus, while the blade
migrates through the foam. The foam samples were placed in
a plastic shell for load introduction. Testing was performed
on a servo-hydraulic testing machine (model 858, Mini
Bionix; MTS, Eden Prairie, MN) equipped with a 25kN load
cell. The force progression in the human hip during gait20

was cyclically transferred to the specimen in physiological
orientation of the load vector.13 To achieve a 16˚ resultant
load vector, a 130˚ neck angle, and a 3˚ offset of the femoral
shaft axis from the sagittal plane, the implant shaft was
mounted to a base fixture at 149˚ to the horizontal free to
slide along its axis (Fig. 5). A cross-table was used to
eliminate shear forces during testing. Starting at 1,000N
the load was monotonically increased by 0.1N/cycle until
failure of the construct according to the protocol of Windolf
et al.3,21,22 The minimum load was maintained at 100N.
Cyclic testing was performed at 2Hz.

Testing was stopped when crosshead displacement
exceeded 8mm. Failure occurred at the implant to bone or
cement to bone interface depending on PMMA localization
and was determined by radiographic analyses performed
throughout the test.

Human specimens were cyclically tested in a similar
manner. Load was not introduced via the polymer shell but
directly transferred to the head using a molded cup.

Data Acquisition and Evaluation
A K-wire was connected to the polymer shell/human femoral
head in the mediolateral plane to monitor progression of
varus rotation of the specimens from radiologic images. A C-
arm (Arcadis Varic, Siemens Medical Solutions AG, Munich,
Germany) was positioned in an AP direction. Radiographs
were taken every 250 cycles at minimum load (100N) to
monitor the varus deformation of the specimen in relation to
the blade. The change in angulation of the K-wire with
respect to the initial X-ray was determined by image process-

Figure 2. Schematic illustration of the tested augmentation
patterns showing (top) concentric distribution of 2ml of cement
at the blade base, center, and tip and (bottom) caudal and cranial
placement of a 2ml cement volume and a 1ml cranial volume.

Figure 1. Polyurethane foam block to simulate porous cancel-
lous bone in the femoral head machined to fit into a custom-
made polymer shell for mechanical testing. Height (H)¼ 50mm,
length (L)¼50mm, width (W)¼38mm.
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ing algorithms (Matlab, Mathworks, Inc., Natick, MA).
Retrospectively, a varus collapse of 2˚ was defined as
failure13,14; this criterion is a pure varus rotation as all other
movements were eliminated by the test fixture. Implant
bending was not observed in any specimen. The number of
test-cycles to failure was identified for all specimens.

The radiographs were further analyzed to identify the
distance of the center of the PMMA volume to the apex of the
foam sample for groups 1 (blade base), 2 (blade center), and 3
(blade tip). The centroid of the projected volume was estimat-
ed by fitting an ellipse to the cement contour. The six human
specimens that survived the most cycles until 2˚ varus
collapse formed the “strong” cadaveric reference group; the
remaining 6 specimens formed the “weak” group.

Statistics
Shapiro–Wilk tests served as decision criterion for the
appropriate test statistics. All study groups were compared
with respect to number of cycles to 2˚ varus rotation employ-
ing a univariate ANOVA with Bonferroni post hoc correction
for multiple comparisons. Pearson’s correlation coefficient R
was calculated for cycles to failure and PMMA localization
along the implant axis by pooling groups 1, 2, and 3. BMD of
the “weak” and “strong” cadaveric specimens were compared
using a t-test. The significance level was set to a¼ 0.05.

RESULTS
Regardless of the augmentation pattern, all augment-
ed foam samples survived significantly longer than the
non-augmented group (group 8, Fig. 6, all P< 0.001).
However, a clear influence was found of augmentation
pattern on the mechanical competence of the con-
struct. The best performance was in the 3ml group

(group 7) with 253% increase in cycles to failure
compared to the non-augmented control. However, the
performance of this group was not significantly differ-
ent to 2ml cranial cement placement at the implant
tip (group 5, P>0.99). The least competent augmenta-
tion pattern was 2ml cement at the implant base
(group 1) leading to 99% increase in cycles to failure
compared to the non-augmented control. However, no
statistical differences were found between the latter
group and 2ml caudal placement at the implant tip
(group 4, P>0.99) or 1ml cranial placement at the tip
(group 6, P> 0.99). Two milliliters cranial cement
placement (group 5) was significantly superior to 2ml
cement at the caudal side (group 4, P< 0.001). Two
milliliters cranial cement (group 5) was also superior
to 1ml cranial cement (group 6, P¼ 0.001). The
distance of the center of the PMMA volume to the
apex of the foam correlated inversely with cycles to
failure (R¼0.77, P< 0.001).

BMD of the “weak” and “strong” cadaveric groups
(9 and 10) was 143� 35 and 195�33mgHA/cm3,
respectively (P¼0.023). Cycles to failure of the “weak”
group were not different to the non-augmented foam
(group 8, P>0.99). Cycles to failure of the “strong”
group were not significantly different to the augment-
ed foam groups (all P>0.99). Exceptions were 2ml
cranial cement placement at the tip (group 5) and 3ml
cement at the tip (group 7); both performed superior to
the “strong” group (both P<0.009).

DISCUSSION
Cement augmentation of PFNA blades for enhanced
fixation in porous bone showed promise in several
biomechanical studies. A study performed on foam
models mimicking osteoporotic bones showed a benefi-
cial effect on implant stability by an increased cut-out
resistance.13 Two other studies performed on osteopo-
rotic cadaveric bones showed increased rotational
stability and pull-out and cut-out resistance with
augmentation.12,14

A first clinical study of PFNA augmentation also
showed promising radiological and functional results

Table 1. Study Groups

Group Specimens Cement Volume Cement Location Axial Cement Location Transverse

1 Foam 2ml Implant base Concentric
2 Foam 2ml Implant center Concentric
3 Foam 2ml Implant tip Concentric
4 Foam 2ml Implant tip Caudal
5 Foam 2ml Implant tip Cranial
6 Foam 1ml Implant tip Cranial
7 Foama 3ml Implant tip Concentric
8 Foama — — —
9 Human bone “weak” — — —
10 Human bone “strong” — — —

Groups 1–7 consist of foam samples for testing different amounts and localizations of cement. Group 8 represents a non-augmented
control. aaIndicates groups from a different study.13 Groups 9 and 10: human cadaveric references. Group-size n¼ 6.

Figure 3. Instrumentation of foam specimens. (a) Perforated
PFNA blade. (b) Side-opening cannula to inject bone-cement
through the perforated blades.
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without major intra-operative complications.15 Aug-
mentation of the femoral head through a cannulated,
perforated PFNA blade is gaining acceptance. A side-
opening cannula is used to selectively position cement

at the blade tip. The risk of leakage into the fracture
site16,22–27 or at the level of the sliding mechanism of
the nail is reduced. Leakage into the hip by perforat-
ing the head, frequently created during guide-wire
placement, can be excluded by performing a leakage
test prior to augmentation.15 However, clinical and
experimental experience shows that controlled posi-
tioning of the cement volume is not always possi-
ble.14,15 Cement cannot always be sufficiently directed
by the injection procedure. The question arises to
which extent unfavorable localization can compromise
the desired biomechanical benefits. Moreover, to what
extent the amount of cement can be reduced to exclude
potential complications such as leakage or thermal
necrosis is unclear.16,22,25,27

We compared selected cement amounts and pat-
terns along and transverse to the PFNA blade axis in
a foam model (Fig. 4). Cement distributions in foam
are clearly not fully comparable to those in human
bone. The questions how and why certain cement
distributions in human bone occur are beyond the
scope of this study. Foam was used for sake of
reproducibility of cement patterns. A clear effect on
implant purchase of both cement localization and
amount was obvious. The biomechanical competence of
the construct increased with placing cement towards
the implant tip. A longer lever to the hip joint contact
force generates higher moments acting on the anchor-
ing point of the implant. Reducing the lever creates a
mechanically superior situation. This principle was
already stated by Baumgaertner and Solberg18 stress-
ing the importance of the tip-apex distance for fracture
fixation. Conversely, care should be taken not to inject
PMMA too close to the subchondral area to avoid
cartilage damage.28 A caudal localization in relation to

Figure 4. Overview of cement configurations for each of the study groups.

Figure 5. Foam specimen on testing machine. Loading was
cyclically introduced to the polymer shell under physiologic
orientation. Varus rotation of the sample was monitored by
periodic X-rays. A K-wire attached to the shell acted as marker
for X-ray evaluation.
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the blade was biomechanically inferior compared to
cranial and concentric positions, since physiological
loading is dominated by compression and cements
provide superior performance under compression.
From a handling perspective it might be easier to
create a concentric cement volume; however, cement
placed cranial to the implant tip seems most promising
mechanically.

A cranial localization of two milliliters of PMMA
was comparable to a concentric localization of 3ml
around the blade tip. Furthermore, a 1ml cranial
cement placement revealed comparable resistance
against cut-out as a 2ml caudal cement position.
Provided that reliable augmentation of biomechanical
superior bone regions becomes possible, the cement
volume could be reduced to 1ml.

The aim of augmentation is to rule out the influence
of osteoporosis by enhancing the purchase of implants
to a level similar to healthy bone. Rather than
clustering the cadaveric samples according to BMD,
grouping into “weak” and “strong” was performed
according to cycles to failure because the target
parameter of the study was mechanical bone strength
and not mineral density. Comparing the BMD of the

“strong” or “healthy” group (�200mgHA/cm3) to the
literature (BMD range �90–290mgHA/cm3, n¼ 174),
this appears to be a reasonable assumption.29 All
augmented study groups performed as well or better
than the non-augmented cadaveric benchmark, sug-
gesting that even unfavorable augmentation patterns
can provide sufficient benefit. This implicates that
clinical difficulties with cement positioning might be of
minor importance.

There are limitations associated with the study.
The foam can only resemble human cancellous bone
in a restricted way. However, the homogeneity of a
synthetic material offers reproducibility over that of
biological bone samples. The foam was successfully
used previously13 and compared to a group of human
bone samples with low BMD. No statistical difference
was found between non-augmented foam and human
bone under cyclic loading, supporting their similarity.
In the actual study, a group of 12 cadaveric human
femoral heads was used to create a benchmark of 6
“healthy” bones. On a mechanical base, the 6 weaker
specimens were discarded to come closer to a “healthy
benchmark” than when using all 12. Considering the
mean age of the donors (87 years), it is likely that not

Figure 6. The number of cycles to failure for each group (mean�SD). (a) Cycles to failure of the six foam groups (groups 1–6). (b)
Cycles to failure of an augmented foam group with concentric distribution of 3ml of PMMA at the blade tip (group 7) compared to a
non-augmented foam-group (group 8) obtained from re-evaluation of the mechanical test raw data of a former study.13 (c) Human
cadaveric reference groups (groups 9/10) obtained from the testing of six heads that were instrumented with a helical blade without
augmentation for the present study and the re-evaluation of the mechanical test raw data of the six nonaugmented cadaveric heads of
a former study.14 Bars represent mean�SD of six specimens.
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all were healthy; however, defining the benchmarks of
human cadaveric bones is beyond the scope of this
work.

Furthermore, care should be taken when applying
our results to the clinical situation. It remains difficult
to control PMMA localization around implants in
human bones. Thus, radiographic monitoring of the
cement distribution during augmentation is crucial.
Subchondral localization or leakage must be avoided,
and the procedure should be stopped if cement flows
into undesired directions. New methods or instru-
ments for controlling/predicting cement flow during
injection are needed to increase security. PMMA
formulations have evolved in terms of viscosity and
curing window, but they can be further optimized.
These findings stress the promising and challenging
aspects of implant augmentation in osteoporotic bone.

In conclusion, we showed that the mechanical
competencies of all groups of augmented specimens
were comparable to those of non-osteoporotic cadaveric
bones, independent of the augmentation pattern or the
amount of PMMA used. Our findings suggest even in
an unfavorable localization, augmentation is still
better than no augmentation. When cement flows to a
superior position from a biomechanical point of view,
the amount of injected PMMA can even be further
reduced. Conversely, an augmentation procedure can
be halted after injection of 2ml of PMMA in an
undesired direction, making multiple attempts to
direct more PMMA to other localizations avoidable. In
both situations, the amount of injected PMMA can be
reduced to a minimum that will decrease the risk of
cement leakage or cartilage damage.
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Abstract
Introduction Bone strength plays an important role in
implant anchorage. Bone mineral density (BMD) is
used as surrogate parameter to quantify bone strength
and to predict implant anchorage. BMD can be mea-
sured by means of quantitative computer tomography
(QCT) or dual energy X-ray absorptiometry (DXA).
These noninvasive methods for BMD measurement
are not available pre- or intra-operatively. Instead, the
surgeon could determine bone strength by direct
mechanical measurement. We have evaluated mechan-
ical torque measurement for (A) its capability to quan-
tify local bone strength and (B) its predictive value
towards load at implant cut-out.
Materials and methods Our experimental study was
performed using sixteen paired human cadaver proxi-
mal femurs. BMD was determined for all specimens by
QCT. The torque to breakaway of the cancellous bone
structure (peak torque) was measured by means of a
mechanical probe at the exact position of subsequent
DHS® placement. The Wxation strength of the DHS®

achieved was assessed by cyclic loading in a stepwise

protocol beginning with 1,500 N increasing 500 N every
5,000 cycles until 4,000 N.
Results A highly signiWcant correlation of peak
torque with BMD (QCT) was found (r = 0.902,
r2 = 0.814, P < 0.001). Peak torque correlated highly
signiWcant with the load at implant cut-out (r = 0.795,
P < 0.001). All specimens with a measured peak torque
below 6.79 Nm failed at the Wrst load level of 1,500 N.
The specimens with a peak torque above 8.63 Nm sur-
vived until the last load level of 4,000 N.
Conclusion Mechanical peak torque measurement is
able to quantify bone strength. In an experimental
setup, peak torque identiWes those specimens that are
likely to fail at low load. In clinical routine, implant
migration and cut-out depend on several parameters,
which are diYcult to control, such as fracture type,
fracture reduction achieved, and implant position. The
predictive value of peak torque towards cut-out in a
clinical set-up therefore has to be carefully validated.

Keywords Bone mineral density · Mechanical torque 
measurement · Osteoporosis · Hip fracture · 
Implant cut-out

Introduction

Osteosynthesis using dynamic plate or intramedullary
nail devices is the standard method to stabilize proxi-
mal femoral fractures [9]. Numerous positive results
have been reported, but complications in the use of
these implants, including implant cut-out, and
migrations, also have been presented [1, 6]. Bone
strength plays an important role for implant anchorage
[1]. As a result, there is particular concern regarding
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osteosynthesis’ failure, when such implants are used
for fracture Wxation in osteoporotic bone. If the sur-
geon could get pre- or intra-operative information on
bone strength indicating that implant loosening might
develop, then supplementary augmentation could be
used [2].

There is a clinical demand for a direct or surrogate
measure of bone strength. Parameters that have been
applied to quantify bone strength and to predict
implant Wxation strength include bone mineral density
measured by dual energy X-ray absorptiometry [BMD
(DXA)] or by quantitative computer tomography
[BMD (QCT)]. These methods are non-invasive, but
also not available pre- or intra-operatively on a routine
basis. Instead, the surgeon could determine bone
strength by direct mechanical measurement. Intra-
operative measurement of insertion torque was evalu-
ated for the determination of pedicle screw anchorage
with uneven results [8, 12].

We have developed a method for standardized
mechanical measurement of peak torque to breakaway
of the femoral head’s trabecular bone (peak torque). It
was the goal of this study to evaluate this measurement
method for its ability to measure bone strength by cor-
relating peak torque with BMD (QCT) and to verify the
predictive value of peak torque towards load at implant
cut-out in the proximal femur biomechanically.

Material and methods

Bone specimens

Sixteen paired fresh frozen cadaveric femurs were used
for testing. The medians and ranges of age, weight and
height of the donors were 73.5 years (range 63.8–
94.0 years), 63.5 kg (range 47.0–84.0 kg) and 164 cm
(range 148–174 cm), respectively. The use of the
human specimens for scientiWc purpose was approved
by the local ethical committee. The bones and adjacent
joints did not show any macroscopic pathology, such as
lower limb fracture, generalized bone disease or severe
arthrosis, which might have interfered with the
mechanical properties of the bone. Prior to and in
between the diVerent tests, the specimens were stored
at-20°C. All specimens were allowed to reach room
temperature before testing for 24 h. While defrosting
and during testing, the specimens were kept moist.

Mechanical torque measurement

Torque to breakaway of trabecular bone was measured
by means of a custom made mechanical probe. It was

designed as a wing blade with 7.0 mm outer diameter
and 24.0 mm blade length (Fig. 1). Cannulation allowed
the insertion over a pre-positioned guide wire. The
guide wire was placed in the posterior-inferior quadrant
of the femoral head according to the DHS® operation
technique using the 135° aiming device. The position of
the guide wire was controlled by means of an image
intensiWer (Arco si 100®, Applicazione Tecnologie Spe-
ciali SRL, Pedrengo, Italy) in two planes. The lateral
cortex of the femur was opened with the 8.0 mm cannu-
lated spiral drill. Subsequently, the cannulated torque
measurement probe was inserted along the guide wire
into the femoral head to reach a tip apex distance of
10.0 mm (Fig. 2). The Wnal position of the measurement
probe was documented by X-ray in two planes. The
guide wire was removed prior to torque measurement
in order to exclude any interference with the following
measurement process. The peak torque until complete
breakaway of the cancellous bone between the wings of
the measurement probe (peak torque) was assessed by
rotating the probe around its longitudinal axis. The
peak torque was recorded by means of a calibrated dig-
ital torque meter (HD-100®, HIOS Inc., Akiyama,
Japan). The data were processed with MATLAB® Soft-
ware (The MathWorks, MA, USA).

Measurement of bone mineral density by quantitative 
computer tomography [BMD (QCT)]

Bone mineral density (QCT) was measured in the femo-
ral head using a routine given by the scanner’s
manufacturer (DensiScan 1000®, Scanco Medical, Bas-
sersdorf, Switzerland; basis data: acceleration voltage
50 kV at 0.5 mA). Seven CT slices were considered for
measurement. The central slice was placed at the largest

Fig. 1 Custom made probe for mechanical measurement of peak
torque to breakaway. Central canulation of the probe (left) allows
insertion over a guide wire. The measurement probe itself com-
prises three blades that are placed at an angular distance of 120o

each. A scale for length measurement (right) enables adaptation
of the probe to varying length of the femoral neck
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diameter of the femoral head and three additional slices
were placed in both medial and in lateral direction with
1.0 mm interslice distance. BMD (QCT) was deter-
mined from a cancellous bone cylinder of 50% core vol-
ume of the resulting femoral head section. CT-data were
processed directly into BMD in the unit gram per cubic
centimeter (g/cm3) by the manufacturer’s software. The
CT scanner was calibrated to the European Forearm
Phantom (EFP-060, QRM GmbH, Möhrendorf, Ger-
many) representing hydroxyapatite (HA) densities of
50, 100 and 200 mg HA/cm3. No soft tissue equivalent
was approved for application with this scanner.

Biomechanical testing

For biomechanical testing, the femoral necks were cut
perpendicular to the femoral neck axis and 50 mm
underneath the joint surface. A DHS® (length 105 mm)
was implanted in the exact point of previous torque
measurement. Implant position within the femoral head
was documented radiographically (Mobilett XP®, Sie-
mens Medical Solutions, Zürich, Switzerland). Each
specimen was mounted on a custom made testing jig
with the screw axis at a 20° angle to the unidirectional
force transmission axis, thus simulating the main force
direction acting on the human proximal femur [4]. The
specimens were exposed to cyclic loading, which was
transmitted by an artiWcial articulation component in
order to decrease the surface pressure on the femoral
head. The test jig was placed on an x-y-table to allow
for small compensational movements in a horizontal
plane. The loading curve introduced into the femoral
head was set similar to the forces in human hip joints
for the main force axis during normal gait [3]. Six load
steps were applied, each one running for 5,000 cycles at
2 Hz. Starting at peak loads of 1,500 N (250% body-
weight for a person of 60 kg), the force was increased by

500 N every 5,000 cycles. Testing was stopped either
when cut-out of the implant occurred, or when a total
number of 30,000 cycles was reached, applying 4,000 N
as the maximum load. Base load was kept at 200 N for
all 30,000 cycles. Cut-out of the DHS® was deWned as
5.0 mm displacement of the femoral head when com-
pared to the starting position. The amount of displace-
ment was derived from the traverse path of the force
application piston. The tests were performed on an
MTS 858 Bionix® servo-hydraulic testing machine
(MTS Systems Cooperation, Eden Prairie, MN, USA).

Statistical analysis

The peak torque was correlated with BMD (QCT) using
the Pearson test for correlation. The relationships were
evaluated by linear regression analysis and by analysis of
variance (ANOVA). Normal distribution was conWrmed
for these variables (Shapiro-Wilk test). Peak torque and
BMD (QCT) were correlated with the load at cut-out
using nonparametric Spearman correlation. For paired
comparison of peak torque and BMD (QCT) data of
right/left specimens the Paired-samples t test was
applied. Statistical tests were considered signiWcant at
levels of P values · 0.05, · 0.01 and · 0.001.

Data were collected in Microsoft® OYce Excel
tables (Microsoft Corporation, Redmond, USA) and
transferred into SPSS® Software for the statistical anal-
ysis (Version 14.01, SPSS Inc., Chicago, USA).

Results

Measurement of peak torque and BMD

The specimens examined in this study covered a wide
range of BMD (QCT): 0.2–0.51 g/cm3. The peak torque

Fig. 2 Test set up for torque 
measurement. a An adjust-
able handle (1) was used to in-
sert the mechanical 
measurement probe (2) to the 
position previously deWned by 
the guide wire. b The Wnal 
position of the measurement 
probe (2) within the femoral 
neck and head was docu-
mented by image intensiWer
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was found in a range from 3.72 to 12.54 Nm. Compari-
son of peak torque and BMD (QCT) values in paired
specimens did not reveal a signiWcant diVerence (peak
torque: P = 0.576, BMD (QCT): P = 0.542). Complete
data of peak torque and BMD (QCT) is given in
Table 1.

Relationship of peak torque and BMD

A high correlation of peak torque with BMD (QCT)
was found (r = 0.902, P < 0.001). Accordingly, there
was a high linear relationship between peak torque and
BMD (QCT) with r2 = 0.814, P < 0.001 (Fig. 3).

Implant cut-out under biomechanical testing

The DHS® cut-out in all specimens under the cyclic
loading.

The peak torque measured correlated signiWcantly
with the load at cut-out (r = 0.795, P < 0.001). Consid-
ering the relationship in detail, all specimens with a
measured peak torque below 6.79 Nm cut-out at a load
of 1,500 N (Wrst load step). All specimens with a peak
torque above 8.63 Nm survived until 4,000 N (last load

step) (Fig. 4). BMD (QCT) also correlated signiWcantly
with the load at cut-out (r = 0.845, P < 0.001).

Discussion

The insertional torque has been used to predict pedicle
screw Wxation strength in vitro [14, 15, 18] and in vivo
[10, 11, 13]. This method has limitations as the mea-
surement of screw insertion torque is based on the sub-
jectively deWned end point of maximum insertional
torque [12]. Measurement of peak torque to break-
away of trabecular bone with our dedicated probe has

Table 1 Peak torque, BMD (QCT) and load at cut-out found for
the specimens (n = 16)

Peak torque peak torque to breakaway of the trabecular bone
during in situ testing, BMD (QCT) bone mineral density mea-
sured by quantitative computer tomography, Load load at cut-
out under biomechanical testing

Peak 
torque (Nm)

BMD (QCT) 
(g/cm3)

Load 
(N)

Sample
1 Right 7.14 0.30 2,000
1 Left 7.55 0.34 2,000
2 Right 8.63 0.44 2,000
2 Left 12.54 0.42 3,000
3 Right 7.32 0.31 1,500
3 Left 7.37 0.30 3,000
4 Right 5.43 0.29 1,500
4 Left 3.72 0.26 1,500
5 Right 8.51 0.36 2,500
5 Left 6.79 0.38 3,000
6 Right 12.27 0.51 4,000
6 Left 12.41 0.48 4,000
7 Right 5.90 0.29 1,500
7 Left 7.49 0.30 2,500
8 Right 3.90 0.20 1,500
8 Left 4.23 0.27 1,500

Mean 7.58 0.34 –
Standard 

deviation
2.83 0.09 –

Range 8.82 0.31 2,500
Minimum 3.72 0.20 1,500
Maximum 12.54 0.51 4,000
Median 7.35 0.30 2,000

Fig. 3 Scatter plot of peak torque and BMD (QCT). The graph
demonstrates a high correlation (r = 0.902, P < 0.001) and linear
relationship (r = 0.814, P < 0.001) of peak torque with BMD
(QCT) over a wide range of BMD values

Fig. 4 Scatter plot of peak torque with load at cut-out. Peak
torque can nicely separate those specimens that failed at low load
(left) from such specimen which survived up to 4,000 N (right)
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to be looked upon as a superior method, as it objec-
tively measures the resistance of the trabecular bone
against complete destruction.

Peak torque is a reliable parameter to quantify
trabecular bone strength

This can be concluded from a high correlation we
found between peak torque and BMD (QCT) over a
wide range of BMD values. Our Wnding compares well
with a biomechanical study that found a correlation
between insertional torque of pedicle screws and BMD
(QCT) [12].

Bone mineral density (QCT) is unique in describing
bone strength, because it provides a 3-dimensional dis-
tribution of bone mineral [5]. Accurate measurements
of bone mass and 3D orientation have been demon-
strated to explain 80 to 90% of the variance in the
mechanical behaviour of trabecular bone volumes
(Goldstein S. Bone Quality: A Biomechanical Perspec-
tive. In: Bone Quality: What Is It And Can We Mea-
sure It? A ScientiWc Meeting. The American Society
for Bone and Mineral Research, Bethesda, MD, USA,
May 2–3, 2005).

In clinical routine—however, peak torque would be
superior to BMD (QCT) as a parameter to quantify
bone strength. Like QCT, the proposed peak torque
measurement provides information on the exact site of
implant anchorage within the femoral head. As our
measurement method was especially designed for
intra-operative application it would be available to the
surgeon, whereas QCT is not available pre- or intra-
operatively on a routine basis.

Peak torque was able to predict load to cut-out in our 
experimental setting

Specimens, which failed at low loads could be identi-
Wed as well as such specimens which bore high loads.
The use of isolated femoral heads in a biomechanical
test set-up allowed us to investigate the sole relation-
ship between the strength of cancellous bone and the
risk of implant cut-out.

In spinal surgery, the predictive value of pedicle
screw insertional torque towards pedicle screw Wxation
strength was examined. A correlation was found
between insertion torque and pullout force [15],
between insertional torque and number of cycles to
ultimate pedicles screw pullout [18], and the maximum
insertion torque and screw pullout force [12]. How-
ever, the correlation between peak insertional torque
to pullout strength was found to be low by Reitman
[14]. Futhermore, a sole validity of pedicle screw

insertion torque for prediction of mechanical failure
could not be shown in a clinical set-up [10, 11, 13].

To our knowledge, no study was published describing
the use of a mechanical parameter for the assessment of
implant anchorage within the femoral head. The rele-
vance of bone strength described by BMD for hip screw
Wxation was shown by push-out and pullout tests in vitro
[7, 16]. Considering osteosynthesis of femoral fractures
in vivo, it is the type of fracture, quality of fracture
reduction achieved and implant position that inXuences
the risk for implant failure aside from bone strength [1,
6, 7, 9, 17]. Intra-operative measurement of peak torque
to breakaway is therefore not meant to predict failed
osteosynthesis on its own. Instead, the hypothesis that
intra-operative measurement of peak torque at the
proximal femur is beneWcial to the surgeon to judge the
stability of his construct needs careful clinical validation.
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ABSTRACT: A biomechanical investigation on eight pairs of human cadaver proximal femurs was
performed to evaluate the impact of a new augmentation method on the internal fixation of
osteoporotic proximal femur fractures. The study focused on enhancing implant purchase to reduce
the incidence of implant cut-out in osteoporotic bone. In a left–right comparison, a conventional hip
screw fixation (control) was compared to the new cement augmentation method. After bone bed
preparation through high pressure irrigation to remove fat, blood, and bone debris, the bones were
augmented with low viscosity polymethylmethacrylate (PMMA) cement. Step-wise fatigue testing
was performed by cyclically loading the femoral heads in a physiological manner, beginning at
1,500 N and increasing 500 N every 5,000 cycles to 4,000 N, and continuously monitoring head
displacement.Failurewasdefinedas>5.0mmheaddisplacement.Theheaddisplacementat 2,000N
was significantly smaller (p¼0.018) for the augmented group as compared to the conventionally
treated bones (0.09�0.01 mm vs. 0.90� 0.32 mm; mean�SEM). The displacement rate at the
second load step was significantly higher (p¼0.018) for the conventionally treated bones as
compared to the augmented ones. All of the nonaugmented specimens failed during testing,
where 50% of the augmented specimens did not fail. The promising results of these experiments
suggest that this new standardized irrigation/augmentation method enhances the implant
anchorage and offers a potential solution to the problem of implant cut-out in osteoporotic
metaphyseal bone. � 2006 Orthopaedic Research Society. Published by Wiley Periodicals, Inc.

J Orthop Res 24:2230–2237, 2006

Keywords: osteoporosis; cement augmentation; high pressure irrigation; hip frac-
ture; cut-out

INTRODUCTION

Implant cut-out after osteosynthesis of proximal
femoral fractures is a major complication with
severe and sometimes lethal complications.1–7 The
rate of implant cut-out was significantly reduced
in the past by changing from mostly rigid fixation
principles to dynamically acting devices such as
the dynamic hip screw. The failure rates remain
high, however, for comminuted fractures in osteo-
porotic proximal femurs.8 Depending on the
specific type of implant, cut-out rates vary between

1.1% and 6.3%.9,10 Given that the absolute number
of osteoporosis-related proximal femur fractures
will increase with future demographic changes,11

further improvement of implant fixation is
urgently needed.

A correct surgical technique must first be
applied to obtain anatomical reduction; the tip
apex distance is an important parameter contribut-
ing to the cut-out risk.12–14 The application of
different bone cements, mostly based on poly-
methylmethacrylate (PMMA) or calcium phos-
phates (CaP), is a promising approach for further
reducing implant cut-out.15–27 However, no stan-
dardized technique has so far been developed that
achieves safe and reproducible augmentation.
Furthermore, infiltration of the trabecular net-
work with viscous bone cements is difficult.28,29

This studyused anew standardized technique to
augment hip screws in human proximal femurs,
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including pulsed lavage for fat and marrow
removal prior to cement application—a technique
taken from endoprosthetics.30–39 To determine
the benefit of this technique, it was compared to
conventional fixation by means of a standard
hip screw in a controlled experimental study,
simulating the clinical postoperative situation as
realistically as possible. Specimens were tested
under loading conditions corresponding to
the physiological situation40 to investigate their
biomechanical behavior in terms of implant ancho-
rage.

METHODS

Eight pairs of human cadaver femurs were used.
Conventional hip screw fixation of a proximal femoral
head fragment (group 2) was compared with the new
modified fixation method using additional PMMA
augmentation of the previously irrigated trabecular
bone structure in the contrallateral femoral head
(group 1). Bone mineral density (BMD) was measured
by qCT (DensiScan 1000, Scanco Medical, Bassersdorf,
Switzerland; group 1: 0.382� 0.058 g/cm3; group 2:
0.376� 0.060 g/cm3; average� standard deviation).
BMD was measured at the center of the femoral head
at the location of the later screw position.

Each femur was sawed orthogonally to the eventual
implant axis at 458 to the lateral cortex of the intact
femoral shaft and 50mmdistal to the articular surface to
simulate an unstable neck fracture. The isolated head
was chosen as a reproducible unstable fracture model to
determine specifically the impact of augmentation on the
cut-out probability of the screw through theheadwithout
the influence ofmedial support, for example, by sliding of
the implant and proximal femur bending. Further,
jamming of the screw is known to be one of the main
reasons for cut-out.7 Respecting the conventional AO
technique, a hip screw (DHS; Synthes Inc., Switzerland)
with a length of 105 mm was inserted after central
drilling of an 8.0-mmdiameter and 30-mmdeep hole into
the head fragment, leading to a 20-mm tip-apex distance.
After tapping, the bones of the augmentation group
(group 1) underwent pulsatile irrigation (ScandiMed
Lavage System; Biomet Merck GmbH, Ried, Switzer-
land) of the drill hole with 500 mL of isotonic saline
solution at an operating pressure of 7 bars. After
placement and withdrawal of the hip screw for seven
turns, 3.0 mL of low viscosity PMMA bone cement
(Vertecem biomimetic bone cement; Synthes Inc.) were
injected through the screw cannulation. The screw was
then reinserted, displacing the cement.26 The bones and
cement were kept at room temperature during the whole
procedure.

After the cement had cured for 12 h, each specimen
was mounted on a specially designed test jig with the
screw axis at a 208 angle to the force transmission axis,
according to themain force direction stated byBergmann

and colleagues.41 The femoral head was cyclically loaded
by an artificial articulation component to decrease the
surface pressure on the head. Tests were conducted on a
Bionix servo-hydraulic testing machine (MTS Systems
Corp., Eden Prairie, MN). The jig was mounted on an x-y
table to allow movements in a horizontal plane only
(Fig. 1).

The applied load simulated the main forces occurring
on the human proximal femur during normal walking40

(Fig. 2). A total of six load steps were performed, each
running for 5,000 cycles at 2Hz. Starting at peak loads of
1,500 N (�two times body weight), the force was
increased by 500 N every 5,000 cycles either until failure
or cut-out of the implant occurred, or until 30,000 cycles
was reached, applying 4,000 N as the largest load. The
minimum load in each cycle was maintained at 200 N for
all 30,000 cycles. Cut-out failure was defined when
5.0 mm of total migration of the tip of the DHS occurred
inside the femoral head (arrow (c) in Fig. 1).

The relative displacement of the screw inside the
femoral head was measured using repetitive (after every
5,000 cycles) X-ray imaging (Mobilett XP, Siemens
Medical, Germany) and a three-dimensional (3D) optical
motion capture analysis system (Qualisys motion cap-
ture systems, Gothenburg, Sweden). Retroreflective
markers were attached to the screw and the femoral
cortex to calculate the position of the screw within the
bone. Every 1,000 cycles, a data sequence of 100 s
sampled at 50 Hz was recorded by the motion capture
system.

A Wilcoxon signed rank test (nonparametric test for
non-normally distributed data) was performed to com-
pare the load displacement at the end of load step 2 of
each bone to investigate stability differences between the
two groups. The testwas done on data from seven pairs of
bones only; one bone in the conventionally treated group
suffered early failure. The same analysis was done on
data from the same seven pairs to compare the displace-
ment rate during the second load step (2,000 N, 5,000–
10,000 cycles).

RESULTS

Bones treated with the additional bone bed
preparation and cement augmentation either
failed after a greater number of cycles compared
to the corresponding bone of the control group or
did not fail during the 30,000 cycle test (Table 1).
Representative migration curves are shown in
Figure 3. The curves illustrate the measured
migrations of the hip screw inside the bone with
the augmented bone (gray curve) surviving all
30,000 cycles and the screw within the native bone
(black curve) reaching the defined failure criterion
after about 22,000 cycles. Four bones in the
augmented group did not fail; all other specimens
failed by screw cut-out similar to that which occurs
clinically leading to varus collapse (Fig. 4).
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Displacement after 10,000 cycles was 0.09�
0.01 mm for the cement augmented group versus
0.90� 0.32mm in the conventionally treated group
(mean�SEM), a significant difference (p¼ 0.018)
for displacement at the end of this second load step
(2,000 N). The displacement rates during the
second load step (2,000 N) were also significantly
different (p¼ 0.018)with the rate in the augmented
group being smaller than in the conventionally
treated group (Fig. 5).

DISCUSSION

The bones treated with the new augmentation
method, including bone bed preparation by jet
lavage, showed significantly better results
under biomechanical loading conditions than
the nonaugmented implants. Therefore, implant
anchorage in metaphyseal bone could be enhanced
through application of bone cement after high

pressure irrigation, thus providing an easy-to-
apply, inexpensive, and clinically feasible solution
to the problem of implant cut-out.

Previous studies produced similar results, but
each had limitations. Despite problems of toxic
monomer release and the heat generation during
polymerization, some of these studies used exces-
sive amounts of PMMA, leading to potential
thermal and chemical necrosis of large areas of
bone.16,20 The small amount of 3.0 mL of low
viscosity PMMA cement used in the present study
provided superior biomechanical properties, while
presumably reducing the risk of extensive bone
necrosis. Some investigators used injectable cal-
cium phosphate cements.18,21–25 These materials,
however, have inferior mechanical properties,
especially in shear and tension, which occur in
the human proximal femur.19

Another drawback in earlier studies was the
cement distribution pattern. Almost every study

Figure 1. (Left) Schema of the test setup showing the femoral head force at 208 to the
screw axis via the artificial articulation component (1), the hip screw being fixed with
axial (2) and rotational restriction (3). The setupwasmountedonan x-y table (4).Markers
were attached to the screw (a) and the femoral head (b1).Migration of the head relative to
the stiff screw was calculated from the spatial locations of markers a, b1, and b2. (Right)
Magnification of the femoral head, with the displacement vector for cut-out (c) displayed
and calculated in three dimensions.
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used large amounts of bone cement to ensure
distribution around the whole implant, but did
not account for potential nonunion due to cement
leakage into the fracture gap or to blocking of the

sliding mechanism of the dynamic screw.18,27,42 In
the present study, this complication could be
avoided by placing cement only around the screw
thread by injecting it through the implanted and

Table 1. Sample Details, Including BMD and Test Results. The Shaded Groups are Left-right Paired Femoral
Heads

Sample ID Treatment
BMD (qCT)

[g/cm3] Failure load [N] # of cycles
Screw migration
magnitude [mm]

914 L Cemented 0.412 4,000 30,000* 0.75 mm
913 R Conventional 0.420 3,500 21,930 5.0 mm
002 R Cemented 0.393 3,500 21,508 5.0 mm
002 L Conventional 0.324 2,500 11,810 5.0 mm
003 L Cemented 0.258 3,000 16,985 5.0 mm
003 R Conventional 0.262 1,500 37 5.0 mm
970 R Cemented 0.404 4,000 30,000* 0.16 mm
971 L Conventional 0.389 3,000 19,620 5.0 mm
968 R Cemented 0.344 4,000 26,518 5.0 mm
969 L Conventional 0.364 2,500 11,675 5.0 mm
973 L Cemented 0.448 4,000 30,000* 0.23 mm
972 R Conventional 0.439 3,000 15,955 5.0 mm
974 R Cemented 0.401 4,000 30,000* 0.27 mm
975 L Conventional 0.436 3,500 22,850 5.0 mm
983 L Cemented 0.400 4,000 25,184 5.0 mm
982 R Conventional 0.372 2,500 10,162 5.0 mm

*run-out bones.

Figure 2. Load application curve, adapted from the findings of Bergmann and
colleagues.41 The forces correspond to the ones in the first load step applied for 5,000
cycles.
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subsequently loosened screw. Thus, only the
thread was surrounded by cement, reducing or
avoiding cut-out.

This study used an isolated head model to
eliminate parameters such as sintering of the
fracture, screw sliding, or proximal femur bending,
and to obtain a precise view of the cut-out
phenomenon. Perfusion and blood flow were
omitted. However, neither parameter is detrimen-
tal to cement setting and mechanical properties.
Cements are often used in joint replacements or
vertebroplasty, where blood flow does not inhibit
the ability of the cement to penetrate the cancellous
bone structure.

Supplementary high pressure irrigation also
contributed to the described reproducible and
homogeneous cement distribution pattern by
means of better penetration depth and cement–

bone interdigitation.43 Additional jet lavage
removes fat, blood, and bone debris, allowing better
penetration, a major factor for enhanced implant
anchorage.34 Possible biological disadvantages of
high pressure irrigation such as fat embolism or
destruction of the trabecular structure need
further experimentation. These potentially nega-
tive effects might be avoided by low pressure
syringe irrigation, but at the price of inferior
cement penetration and interdigitation.30–33,36

Several investigators used modified implants to
deliver bone cement.15,29 The use of the standard
hip screw, as it was done in this study, is advan-
tageous, because the application of the described
augmentation method can be done without addi-
tional implants or instruments.

Earlier studies investigated the performance of
augmented bones in a staticmechanical test.17,20,29

Figure 3. Migration of the implant inside the bone (black, native DHS; gray,
augmented DHS).
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We used cyclic loading simulating the main forces
acting on the human femoral head during gait.41

Failure patterns of theDHSfixationwere similar to
those observed clinically in terms of the required
loads, the low number of cycles (early stage of
fixation), and the radiographic appearance of the
failure. In the left–right comparison of the conven-
tional and the new standardized fixation method,
the biomechanical advantages of the new bone
cement application method were shown under
quasi-physiological in vitro testing conditions.
Our study did not account for the changing force
introduction angle observed in vivo, but the
neglected variations are small (248 in the x-z plane,
148 in the y-z plane).

Because all the bones had low to average BMDs
and the loading conditions were for normal gait (no
strenuous activities), our results suggest that the
new augmentation method could be applied to
osteoporotic metaphyseal fractures to reduce the
incidence of implant cut-out. Because augmenta-
tion is the last step of the operation, the implant
can be perfectly positioned before addition of
the cement. In the case of postoperative fixation

failure, the salvage procedure is most likely total
joint replacement, so for very osteoporotic bones
where augmentation was used, further complica-
tions would not be expected.

The need for augmentation has to be addressed.
The surgeon should be providedwith a technique to
pre- or intraoperatively decide on quality of the
bone that will surround the implanted screw.
Investigations should provide more information
than in the actual situation with two-dimensional
radiographs, CT, or BMD values.

This biomechanical in vitro study suggests that
the use of a new standardized augmentation
technique, comprising a bone bed preparation
through high pressure irrigation followed by injec-
tion of low viscosity PMMA bone cement, leads to
improved implant purchase. The new fixation
method could therefore be a potential solution to
the clinical problem of implant cut-out in osteo-
porotic metaphyseal bone. The described easy-
to-apply and inexpensive cement application
method showedpromising results under laboratory
quasi-physiological loading conditions. Clinical
verification is now required.

Figure 4. Two femoral heads after testing. (Left) There is a clear cut-out of the DHS
screw, resulting from the dynamic loading. (Right) The augmented femoral head was
stable throughout 30,000 cycles; no migration of the screw inside the head was observed.
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Background: For the treatment of hip fractures helically shaped implants, like the Dynamic Hip Screw (DHS)
Blade, are often used. One consequence of blade implantation, the compaction of cancellous bone, is still
believed to increase cut-out resistance. This in vitro study investigates implant anchorage of Dynamic Hip
Screw Blades in femoral heads due to insertion with or without predrilling under cyclic physiological loading
conditions.
Methods: Six pairs of fresh frozen (−20 °C) human cadaveric proximal femora were instrumented with DHS
Blades. Bone pairs were randomly assigned to two study groups: 1) predrilled; 2) non-predrilled. Prior
instrumentation, bone mineral density was determined in the center of the femoral head by Xtreme-CT
measurement. After instrumentation biomechanical testing was performed under cyclic loading. The bone-
implant interface was monitored by means of fluoroscopic imaging throughout the experiment. Paired t-tests

were performed to identify differences regarding bone mineral density, stiffness and cycles to failure.
Findings: No significant differences were found between study groups with regard to axial stiffness (P=0.626)
and number of cycles to failure (P=0.961).
Interpretation: This in vitro study did not show differences in biomechanical stability of proximal femora
instrumented with a helical blade implant with or without predrilling. Clinically, the findings suggest that
predrilling may be performed to ease the surgical procedure without compromising the implant anchorage.

© 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The most devastating complication of osteoporosis is the fracture of
thehipwithan incidenceof 14%of all osteoporotic fractures (Majumdar,
2008). In 2025, there will be more than three million fractures in the
United States per year, creating direct medical costs of $ 25 billion
(Burge et al., 2007).

Surgical treatment of proximal femur fractures relied traditionally
on a screw-based fixation of the femoral head (e.g. Dynamic Hip
Screw — DHS). Particularly in diminished bone quality the screw
frequently migrates through the cancellous bone, resulting in a severe
post-operative complication (cut-out). Cut-out ratios up to 6% are
reported in the literature when treating unstable intertrochanteric
fractures (Gardner et al., 2004). Lately, helical blade concepts have been
introduced as advancement of the screw. Even though recent studies
still report cut-out ratios of up to 3.6% (Mereddy et al., 2009;
Simmermacher et al., 2008; Takigami et al., 2008), the use of blade
implants seems to decrease the incidence of cut-out significantly.
Besides other reasons, the compaction of cancellous bone, which occurs
. Wähnert).

l rights reserved.
when inserting a blade, is believed to enhance the implant anchorage
(Channer et al., 1996; Chareancholvanichet al., 2002;Green et al., 1999).
To our knowledge no evidence is reported yet to support this thesis. In a
recent investigation our group quantified the compaction after DHS
Blade (Synthes GmbH, Bettlach, Switzerland) insertion with and
without predrilling (Windolf et al., 2009a,b). Even though significant
higher compaction was found when predrilling was omitted, no
differences were observed with regard to cut-out resistance. However,
some methodological issues became obvious suggesting follow-up
investigations to draw a confident conclusion. These points include
implants insertion in a quasi-static manner, a potential effect of implant
removal and re-insertion on the implant purchase and the use of a test
method simulating only the specific scenario of blocked implant sliding.

Therefore, the aim of this in vitro studywas to analyze the potential of
cancellous bone compaction with respect to cut-out resistance in human
cadaveric femoral heads. DHS Blades were inserted with and without
predrilling to generate different degrees of bone compaction. The samples
were cyclically loaded until cut-out in a physiological setting.

2. Methods

The methodology was based on published work (Windolf et al.,
2009b) with certain modifications. Six pairs of fresh frozen (−20 °C)

http://dx.doi.org/10.1016/j.clinbiomech.2010.08.003
mailto:Dirk.Waehnert@aofoundation.org
http://dx.doi.org/10.1016/j.clinbiomech.2010.08.003
http://www.sciencedirect.com/science/journal/02680033


Fig. 1. DHS Blade used in this study with a length of 100 m shown in views on the tip
(top) and from lateral (bottom).

Fig. 2. Test setup with specimen mounted on the testing machine (right); schematic
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human cadaveric proximal femora were used. Bones within a pair
were randomly assigned to two groups: 1) predrilled; 2) non-
predrilled. Equal number of left and right bones was ensured for both
groups. Prior instrumentation, bone mineral density (BMD) was
determined in the center of the femoral head by Xtreme-CT
measurements (Scanco Medical AG, Bassersdorf, Switzerland). CT
data from the former study (Windolf et al., 2009b) was re-evaluated
using the present evaluation protocol to enable a comparison between
the bone populations of both investigations. By showing similar bone
qualities, a comparable degree of bone compaction could be assumed
between both investigations.

All femoral necks were cut 50 mm lateral to the femoral apex at 45°
to the lateral cortex of the femoral shaft. For instrumentation 100 mm
stainless steel DHS Blades (Synthes GmbH, Bettlach, Switzerland) were
used (Fig. 1). According to the operative guidelineof themanufacturer, a
2.5-mm Kirschner-wire was placed in the center of the femoral head,
perpendicular to the sawing plane for guiding of drill bit and implant.
A custom-made jig was utilized for reproducible placement of the
Kirschner-wire and fixation of the specimen. The jig was designed to
distribute the implantation forces evenly over the surface of the femoral
head. Predrilling was performed for the specimens in group 1 using the
standard DHS Blade drill bit (diameter 6 mm). For all samples the blade
insertion was performed manually by hammer strokes until a tip–apex
distance of 15 mmwas reached.

In contrast to the earlier study (Windolf et al., 2009b) mechanical
testingwas conducted according to themodel described by Sommers et
al. simulating an unstable intertrochanteric fracture with lack of
postero-medial support. The implant was free to slide along its axis
simulating a load sharing situation between the implant and bone
(Sommers et al., 2004). The DHS Blade was inserted into a barrel of the
original DHS side-plate to reproduce the sliding conditions of the
implant. The free implant length was 25 mm. The femoral heads were
mounted on a polymer back plate equipped with spikes to prevent
rotation of the head. The polymer plate rested on two cylindrical rollers
allowing for varus collapse of the head (Fig. 2). Testing was performed
using a servo-hydraulic testing machine (MTS 858 Mini Bionix II, MTS,
EdenPrairie, USA)equippedwitha 4 kN load cell. In order to simulate an
alternating loadduringwalking, a loading trajectorymeasured in vivo in
the human hip was transferred to the femoral head at a physiological
orientation of 20° with respect to the implant axis (Bergmann et al.,
2001). For load introduction into the femoral head a polymer shell was
used. A cross-table was placed between machine actuator and shell to
ensure a free center of rotation of the femoral head. Cyclic loading was
performed at 2 Hz until failure of the construct. Starting at 1500 N
drawing of the setup used with the angles and load directions indicated (left).

image of Fig.�2


Fig. 3. Axial stiffness [N/mm] as box plots for predrilled and non-predrilled group at
cycle 50.
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(Windolf et al., 2009a) compression force, the load was monotonically
increased at 0.1 N/cycle according to the loading protocol first
introduced by Windolf et al. (2009b). The load-valley was maintained
at 200 N throughout the test.
2.1. Data acquisition and statistics

A Kirscher-wire was attached to the femoral head in the ante-
roposterior plane to serve as landmark for X-ray data evaluation
(Figs. 2 and 4). At increments of 250 cycles, fluoroscopic imaging was
Fig. 4. Mode of failure for predrilled (top) and non-predrilled (bottom) specimen
performed in anteroposterior direction at load-valley to assess the
migration of the head with respect to the implant (Siemens Arcadis
Varic, Siemens Medical Solutions AG, Munich, Germany). The angle of
the Kirschner-wire projection was identified for all repeated radio-
graphs by means of a custom-made software routine (Matlab, Image
processing Toolbox, The MathWorks GmbH, Ismaning, Germany) to
track the specimen's varus rotation over time. Number of cycles to 5°
varus collapse with respect to the initial X-ray was identified for all
specimens. Construct stiffness was calculated from the testing machi-
ne's load and displacement signals after 50 cycles of preconditioning.
After assuring normal distribution of the test data (Shapiro–Wilk test),
paired t-tests were carried out to identify differences between study
groups with regard to BMD, stiffness and cycles to failure. Pearson's
correlation coefficient R was calculated for BMD and cycles to failure.
The software package SPSS 18.0 (SPSS Inc., Chicago, USA) was used for
all statistical evaluations. Level of significance was α=0.05.
3. Results

The mean BMD was 152.5 mgHA/cm3 (SD 30) for predrilled and
148.7 mgHA/cm3 (SD 31) for non-predrilled group. This difference was
not significant between groups (P=0.65, power 0.07). The values were
comparable to the study of Windolf et al. (2009b): Predrilled:
165.6 mgHA/cm3 (SD 30); Non-predrilled: 166.6 mgHA/cm3 (SD 28)
with no significant difference between the two studies (P=0.46,
power 0.056).

The mean axial stiffness of the bone-implant construct was
1519 N/mm (SD 153) for predrilled and 1560 N/mm (SD 301) for
non-predrilled group (Fig. 3). This difference was also not statistically
significant (P=0.63, power 0.07).

During the cyclic tests all specimens failed at the bone-implant
interface by varus collapse of the femoral head (Fig. 4). The mean
with first x-ray (left) and x-ray at failure (right) showing the varus collapse.

image of Fig.�3
image of Fig.�4


Fig. 5. Number of cycles to failure as box plots for predrilled and non-predrilled group.
Fig. 6. Correlation between the cycles to failure and the BMD [mgHA/cm3] values.
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number of load cycles to 5° varus rotation was 9167 (SD 5205) for the
predrilled and 9250 (SD 4254) for the non-predrilled samples (Fig. 5).
Again, this difference was not significant (P=0.96, power 0.05).
The corresponding mean failure loads were 2417 N (SD 521) for the
predrilled and 2425 N (SD 425) for non-predrilled specimens.
The increase in cycles to failure within each bone pair of the non-
predrilled specimens in relation to the contralateral predrilled bones
was in average 22% (SD 54).

Due to no statistical significant differences all samples were pooled
for correlation analysis. We found a significant positive correlation
between BMD and number of cycles to failure (P=0.045, R=0.587,
power 0.68; Fig. 6).

4. Discussion

We found no differences in anchorage of a blade implant for fixation
of osteoporotic hip fractures when implantation was performed either
with removal of bone content (predrilling) orwithout. In a recent study
with comparable setup (Windolf et al., 2009b) cancellous bone
compaction in the surrounding of a DHS Blade had been quantified to
approx. 30% increase in BMD as a result of implant insertion without
predrilling. When bone had been removed by drilling a pilot hole, the
compaction dropped significantly to about 20% BMD change. Based on
this 10% difference in bone density, we concluded that predrilling/non-
predrilling is a valid model for simulating different degrees of bone
compaction. Since the bone quality of the specimens was found
comparable between both studies, the outcomes of the mentioned
paper appear also valid here. Although compaction was significantly
higher for the non-predrilled group, Windolf et al. reported no
differences in cut-out resistance in agreement with the results of the
present experiment. Three main methodological issues of the previous
paperwere addressed here. First, we inserted the implants in a clinically
relevant manner by manual hammer blows instead of quasi-static
insertion using a material test machine. The difference in mechanical
impetus may have an impact on the compression of the trabecular
structure. Second, implants were not removed and reinserted. Windolf
et al. used polymer implants for CT scanning to avoid metallic artifacts
and replaced them afterwards with commercial DHS Blades for
mechanical testing. The impact of removal and re-insertion on the
implant purchase is unclear. Third, the test-setupwas adapted to amore
physiological and clinically relevantmodel allowing full implant sliding
and varus collapse of the femoral head. Even though physiological
loading is complex, the resulting force vector in the hip joint can
generally be split into two components. The component in direction of
the implant axis is borne by the test fixture simulating load sharing at
the fracture gap. The component perpendicular to the implant axis acts
on the bone-implant interface and causes typical varus collapse when
the trabecular scaffold collapses (Fig. 2). This failure mechanism is
predominant in clinics (Gardner et al., 2004; Nordin et al., 2001;
Thomas, 1991). Our experiment revealed a significant correlation
between BMD and cycles to construct failure, which again proofs the
known relation between bone density and implant fixation.

However, a benefit of helical or spiral blade designs is repeatedly
reported in literature (Simmermacher et al., 2008; Strauss et al., 2006;
Windolf et al., 2009a). If bone compaction is not amajor contributor, the
increased implant surface in comparison to a screwequivalent aswell as
the reduced exposure of the bone to sharp implant edges like thread
flanks are believed to play an important role (Windolf et al., 2009a).
With regard to the clinical practice, the results of the study suggest that
difficulties related to implant insertion when aiming to preserve bone
content, may be avoided by predrilling the bonewithout compromising
construct stability. However, to which extent these experimental
findings can be transferred to a clinical and biological environment
and how they apply to comparable fixation hardware besides the DHS
Blade cannot be fully answered here. Furthermore, it has to be noted
that a low statistical power (as observedhere) reflects themathematical
impossibility to confidently prove similarity in hypothesis testing.
Hence, it may be decided individually whether a potential difference
should be regarded as clinically relevant by studying the presented raw
data.
5. Conclusions

This in vitro study revealed no differences in primary stability of
proximal femora instrumented with a helical blade implant with two
different degrees of cancellous bone compaction (predrilled/non-
predrilled). The importance of compaction with regard to implant
anchorage under cyclic loading seems therefore diminished. Clinically,
the findings suggest that predrilling may be performed to ease the
surgical procedure without compromising the implant anchorage.
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Abstract

Background In trauma surgery, lag screws are commonly

used. However, in osteoporotic bone, anchorage can be

considerably compromised. This study investigates the

biomechanical potential of cement augmentation in terms

of improved fixation.

Methods 36 Surrogate osteoporotic bone specimens were

utilised in three biomechanical experiments, each com-

paring 6 augmented with 6 non-augmented samples.

Standard partially-threaded lag screws (Synthes) were

placed following surgical standard. For the augmented

groups, 0.4 ml of polymethylmethacrylate was injected

into the pre-drilled hole prior to screw placement. Inter-

fragmentary compression was determined using a cannu-

lated ring compression sensor. Maximum torque was

recorded with a torque wrench. Compressive relaxation

after 24 h, relaxation after loosening and re-tightening the

screw as well as maximum compression and torque at

failure were measured.

Findings Mean relaxation was significantly lower for the

augmented group (p \ 0.01). After 24 h, a remaining

fragmental compression of 62 % for the augmented and

52 % for the non-augmented specimens was found. Loos-

ening and re-tightening of the screw did not affect the

compressive relaxation when augmentation was applied

(p = 0.529), compared to an increased relaxation after re-

tightening in the non-augmented group (p = 0.04). The

mean maximum compression and torque until failure were

significantly higher for the augmented group (p \ 0.001).

Interpretation Cement augmentation of lag screws can

improve fixation stability in terms of installing and main-

taining interfragmentary compression. Effects of relaxation

can be reduced and re-tightening of screws is possible

without compromising the fixation. Particularly in reduced

bone mass, augmentation of lag screws can markedly

increase the security of the technique.

Keywords Biomechanics � Lag screw � Compression

screw � Interfragmentary compression � Augmentation �
PMMA

Introduction

In trauma surgery, lag or compression screws are com-

monly used. They can be applied in combination with a

plate or as a single osteosynthesis. Lag screws are not only

used to achieve and secure reduction but also to generate

interfragmentary compression [1–4], a major determinant

for primary fracture healing [5]. The increasing number of

fragility fractures and fractures associated with osteopo-

rosis are becoming a major problem in orthopaedic and

trauma surgery, resulting in reduced effectiveness also for

the lag screw technique in an increasing number of patients

[1, 6]. Due to the altered density and properties of the

cancellous bone, stable anchorage of the lag screw is

compromised, resulting in considerably reduced interfrag-

mentary compression and diminished reduction reliability.

Today there is no final solution regarding the problem of

effective and uneventful treatment of fragility fractures.
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D. Wähnert � M. J. Raschke

Department of Trauma, Hand and Reconstructive Surgery,

University Hospital Münster, Albert-Schweitzer-Campus 1,

Building W1, 48149 Münster, Germany

123

Arch Orthop Trauma Surg

DOI 10.1007/s00402-012-1676-3



With the existing techniques, e.g. angle stable plates and

angle stable locked intramedullary nails, an improved sta-

bility can be reached [7, 8]. However, for fixation of

metaphyseal fractures, lag screws are often used to main-

tain anatomical reduction of the joint surface. In this

region, failures occur at the bone–implant interface,

sometimes even during operation if the screw is over

tightened.

Therefore, one method to improve stability between

bone and implant is augmentation with bone cement [9].

Augmentation has shown to increase anchorage between

bone and implant and to rule out the influence of osteo-

porosis. Many biomechanical studies could demonstrate

the benefit of augmentation techniques in osteoporotic

fracture fixation [10–15].

The aim of this biomechanical study was to compare

conventional lag screws with cement augmented ones. The

remaining interfragmentary compression after 24 h relax-

ation, torque and fracture gap compression at failure and

the effect of augmentation on the re-tightening of lag

screws were investigated.

Materials and methods

Specimens and instrumentation

Surrogate bone blocks (40 9 40 9 40 mm) prepared from

cellular polyurethane foam (density 0.16 g/cc, Nr. 1522-10,

Pacific Research Inc., Malmö, Sweden) were used in this

study to simulate osteoporotic cancellous bone samples. A

total of 36 samples were used in three biomechanical test

series (relaxation, re-tightening and stripping experiments),

each test comparing 6 augmented with 6 non-augmented

lag screw fixations. To ensure comparable mechanical

behaviour not only for static but also for time-dependent

characteristics, we performed a pre-test and compared the

results with the work of Zilch et al. [16]. Depending on the

location of the cancellous bone, they found a stress relax-

ation of 14–20 % after 10 min of loading. We found a

relaxation of 18 versus 14 % for the non-augmented and

the augmented specimens, respectively. So we conclude

that this artificial material is appropriate to investigate the

potential of cement augmentation in lag screws.

Standard partially threaded lag screws (Synthes GmbH,

Solothurn, Switzerland) with a core diameter of 4.5 mm

were used. The screws had a length of 35 mm with a thread

length of 16 mm. The outer diameter of the thread was

6.5 mm.

Instrumentation of the lag screws followed surgical

standard. The foam blocks were centrically pre-drilled with

a 4.5-mm drill to a depth of 20 mm. For the augmented

group, 0.4 ml of polymethylmethacrylate (PMMA) cement

(Beracryl, Suter Kunststoffe AG, Fraubrunnen, Switzer-

land) was injected into the drill hole (Fig. 1) before the

screw was inserted to a depth of 16 mm. Hardening time

was set to 6 h. For the non-augmented group, the screw

was inserted in an equal manner without the application of

cement. Figure 2 shows a cross section of an augmented

sample displaying the cement distribution around the

threaded part of the lag screw.

Test setup

The interfragmentary compression was determined with a

2-kN cannulated ring compression force sensor with a

diameter of 40 mm and a central 12 mm hole (Lorenz

Messtechnik GmbH, Alfdorf, Germany). A 1.5-mm washer

under the screw head allowed placement of the sensor

between screw head and specimen (Fig. 3).

Torque at screw insertion was recorded with a 10-Nm

torque wrench (Mecmesin, Brütsch/Rüegger AG, Zürich,

Switzerland). The test setup was fixed horizontally by

clamping the foam blocks in a vice.

Mechanical testing

In a relaxation test, the screw was tightened until a com-

pression force of 160 N was achieved. Relaxation, defined

as percentage drop of compression force, was then mea-

sured over 24 h.

For a re-tightening test, the screw was tightened to

160 N compression force, followed by a 40-min relaxation

period. After loosening the screw completely, it was

Fig. 1 Artificial osteoporotic bone model with an augmented screw

hole and a lag screw
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re-tightened to 160 N. Relaxation was measured for

another 40 min.

In a third test series, the maximum compression force

and the maximum torque until failure were recorded to

investigate the resistance against screw stripping.

Data acquisition and statistics

Compression force was recorded with the sensor software

GM80 (Version 1.03, Lorenz Messtechnik GmbH, Alfdorf,

Germany). Sampling rate was 0.16 Hz for the 24 h relax-

ation test and 20 Hz for the other two tests. Insertion torque

was recorded with the Mecmesin internal software at

10 Hz.

Statistical evaluation was performed using SPSS soft-

ware (Version 18, SPSS Inc., Chicago, USA). After

assessing data distribution using the Shapiro–Wilk test,

independent sample t tests were carried out to identify

significant differences between the groups regarding initial

compression, failure load and torque. For the evaluation of

the 24 h relaxation and the re-tightening tests, compression

force at 0, 1, 12 and 24 h or at 0, 10 and 40 min, respec-

tively, was identified and analysed using repeated measures

ANOVA statistics. Significance level was set to a = 0.05.

Results

24 h Relaxation test

The mean initial interfragmentary compression was 159 N

(SD 1.7) for the augmented compared to 158 N (SD 1.5)

for the non-augmented group. There was no significant

difference in compression force at the starting point

(p = 0.74, power 0.12).

The progression of the 24 h relaxation test (mean com-

pression ± SD) of the augmented and non-augmented

specimens is shown in Fig. 4. The evaluation at hours 0, 1,

12 and 24 showed a significant difference in interfrag-

mentary compression between the two groups (p \ 0.01,

power 0.91). After 1 h, the augmented specimens had an

interfragmentary compression of 122 N (SD 2.4), while for

the non-augmented samples, compression dropped to 98 N

(SD 13.9). The remaining interfragmentary compression

after 12 and 24 h was 104 N (SD 2.7) and 99 N (SD 2.5) for

the augmented specimens compared to 84 N (SD 13.2) and

81 N (SD 12.4) for the non-augmented specimens. The

augmented specimens showed a significant smaller relaxa-

tion compared to the non-augmented ones (p \ 0.01, power

0.92). After 1 h, the relaxation was 23 % for the augmented

compared to 37 % for the non-augmented group, and at the

end of the test, the relaxation was 38 and 48 % for the

augmented and non-augmented group, respectively.

Fig. 2 Cement distribution. a Sliced augmented screw hole, b same

hole with cement marked as mesh and c cement distribution around

the screw

Fig. 3 Test setup with the isolated components used (top) and

mounted for testing (bottom)
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Re-tightening test

The augmented screws showed no significant difference

between the first relaxation and the relaxation after re-

tightening of the screws (p = 0.72, power 0.06). On the

contrary, the non-augmented screws showed a significantly

higher relaxation after re-tightening (p = 0.01, power

0.80). After 40 min of the first tightening, relaxation for the

augmented group was 22 % while for the non-augmented,

it was 27 %. After 40 min of the re-tightening, the relax-

ation was 21 % for the augmented samples while the non-

augmented ones showed 37 % (Fig. 5).

Stripping test

Maximum compression force before failure occurred was

on average 338 N (SD 21.8) for the augmented compared

to 174 N (SD 28.6) for the non-augmented samples. The

augmented group showed a 94 % higher maximum

compression compared to the non-augmented group

(p \ 0.001, power [0.99). The maximum torque was sig-

nificantly higher (p \ 0.001, power [0.99) for the aug-

mented specimens as well. With 1.5 Nm (SD 0.25) versus

0.4 Nm (SD 0.09), the augmented group reached four times

higher maximum torque compared to the non-augmented

one (Fig. 6).

Discussion

In osteoporotic patients, lag screws cannot be used in their

full effectiveness. The goal of this study was to investigate

the potential of cement augmented lag screws with respect

to biomechanical parameters. We could show significant

biomechanical advantages associated with the use of

cement augmentation for lag screws. The mean relaxation

in the first 24 h was significantly reduced for the augmented

group. Furthermore, the interfragmentary compression after

Fig. 4 Mean relaxation within

24 h for the augmented and

non-augmented group with

standard deviation

Fig. 5 Mean interfragmentary

compression force (%)

compared to the measurement

of the first tightening at the

same time for the augmented

and non-augmented group
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re-tightening of the screws as well as compression force and

torque until failure was significantly higher for the aug-

mented specimens. A lag screw can provide good inter-

fragmentary compression, but is at a risk to fail directly if

over tightened. Therefore, augmentation not only increases

interfragmentary compression and reduces the loss of

compression over time by the undesired effect of material

relaxation, but also increases the security of the technique

because of a higher torque to screw stripping.

Some studies investigated the effect of augmentation

techniques on screw fixation [11, 17], others dealt with the

compression force of different screw types [2, 18], but no

work has been published combining both aspects. The

mechanical advantages of screw augmentation have been

shown in several studies for different body regions. Chen

et al. tested cannulated and perforated pedicle screws in

open-cell rigid polyurethane foam. They could show a

significant increase of the pull out force when using cement

augmentation [6]. Flahiff et al. also showed significant

higher pull out force for augmented 4.5 mm AO screws in

synthetic femur sawbones. Additionally, they investigated

the influence of the cement viscosity and found the highest

pull out forces for screws placed in doughy cement, when

inserting them in artificial femoral shafts [11]. The

advantages of augmentation have been proven in vivo as

well. Kawagoe et al. inserted cancellous screws in proxi-

mal rabbit tibiae and compared the pull out force of aug-

mented versus non-augmented screws after 1 and

3 months. Significant higher values were reached for the

augmented screws [12].

The static properties and especially the behaviour over

time are highly important concerning lag screw fixations.

Interfragmentary compression is one major aspect of bone

healing and is not only used in fracture treatment, but also

for ankle joint fusions. One technique is arthrodesis using

compression screws. Gosch et al. could show the correla-

tion between bone mineral density (BMD) and compres-

sion force in a subtalar joint fusion. In specimens with low

BMD (0.1–0.4 g/cm2) less than 200 N compression force

was achieved [1]. These results are comparable to our

findings where we found an average compression force of

174 N before failure occurred in an osteoporotic bone

model. With augmentation, we could nearly double the

compression force before failure.

Artificial materials are often used for biomechanical

investigations, especially for augmentation studies [6, 10,

11]. Advantages are the minimal variance, the uniform

shape and the possibility to simulate bone with varying

mechanical properties. Several in vitro studies using

artificial cancellous bone as a substitute for human

cadaveric material have shown that synthetic cancellous

bone is a good model for the mechanical characteristics

seen in real patients [19–21]. The density of human

cancellous bone is generally between 0.09 and 1.25 g/cm3.

The artificial bone material chosen for this study had a

density of 0.16 g/cm3, and thus may be considered as

representative for osteoporotic cancellous bone [6].

Wheeler et al. compared different types of compression

screws using human vertebrae and cancellous bone

models (density 0.16 g/cm3). For the AO screw, no sig-

nificant differences in interfragmentary compression and

push out force were found between human and artificial

cancellous bone materials [4]. Another concern is the

cement distribution, which differs significantly in human

and artificial bone. In artificial material (even closed cell

polyurethane foam), a standardised homogeneous cement

cloud can be created around the implant, in contrast to

human bone in which cement distribution cannot be

controlled [22, 23].

In conjunction with augmentation techniques, concerns

regarding different risks and complications arise. One fear

concerning the use of unresorbable cements is implant

removal. The augmentation technique used in this study

does not cause a problem regarding screw removal. When

using standard screws, the maximum torque for removal

was not affected by cement augmentation. Our experience

is confirmed by Waits et al., who showed no differences in

maximum torque during screw removal for cemented and

un-cemented standard screws. In contrast, the torque for

removal of augmented cannulated and perforated screws

was 12 times higher [24]. The polymerisation temperature

generated during the exothermic curing of the cement is

another concern regarding PMMA augmentation. As

shown before, the temperature increase caused by 0.4 ml of

cement is very unlikely to lead to thermal damage or

necrosis in the bone structure [25, 26].

This study has some limitations like the use of artificial

bone material that allows only a limited transferability to

human bone. But the authors think that, in the treatment of

osteoporotic fractures, every effort must be made to

achieve an uneventful healing.

Fig. 6 Mean torque (Nm) and compression (N) at the failure point

for the augmented and non-augmented group with standard deviation
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This study was performed to investigate the potential of

lag screw cement augmentation. With the currently com-

mercially available cements, this technique is hardly

applicable in clinics due to the relative long hardening

time. Although, the hardening time of modern bone

cements is fast enough for implant augmentation tech-

niques. Further investigations, mainly focusing on cement

properties, application systems, but also studies using

human cancellous bone are necessary.

Conclusion

This study shows that augmentation of lag screws with

small amounts of bone cement can improve the interfrag-

mentary compression in terms of compressive force and

timely relaxation. Re-tightening of the screw is possible

without compromising the achieved compression. Lag

screw augmentation might help particularly in severe

osteoporotic fracture fixation of larger fragments at meta-/

epiphyseal regions. It carries potential to improve the

security of the technique by increasing primer stability and

reducing secondary loss of fixation in osteoporotic bone.
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Background: The Dynamic Hip Screw is well established for the treatment of femoral neck fractures.
However, cut-out occurs in 1–6% of all cases. This study compared the biomechanical performance of a
helical shaped implant (DHS-Blade) to the Dynamic Hip Screw in an unstable femoral neck fracture
model.
Methods: Ten pairs of human cadaveric femora were either instrumented with a DHS-Blade or a Dynamic
Hip Screw. Osteotomies were created using a custom-made saw-guide. Cyclic loading was performed by
introducing in vivo measured load-trajectories to the femoral head. Starting at 1500 N, the load was step-
wise increased until failure of the construct. Radiographs were taken in 5000 cycles increments to iden-
tify onset of femoral head migration with respect to the implant. A survival analysis was performed on
the cycles to onset of migration. A paired t-test was carried out on the displacements of the femoral head
relative to the shaft as determined by optical motion tracking.
Findings: One hundred percent migrations occurred for the Dynamic Hip Screw compared to 50% for the
DHS-Blade. The survival probability in terms of implant anchorage was found higher for the blade
(P = 0.023). However, significant higher deformation of the repair construct was observed for the DHS-
Blade (P = 0.004).
Interpretation: The study showed superior implant anchorage of the DHS-Blade compared to the DHS,
which might reduce the cut-out risk. Nevertheless, the blade allowed higher deformation of the femur
mainly resulting in shortening of the neck, which might be due to a systematic loss of fracture reduction.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Femoral neck fractures are one of the most common traumatic
injuries seen in the elderly, and the numbers are on the up rise
among our aging population (Alfram, 1964; Melton et al., 1982;
Boyce and Vessey, 1985). In 2005 14% of 2 million fractures in
the United States were related to the hip and caused 72% of total
costs for fracture treatment (Burge et al., 2007). Despite continuous
improvement in the sectors of geriatric care and orthopaedic sur-
gery, the failure rate that accompanies fractures of the proximal fe-
mur after treatment is still significant (Lowell, 1980; American
Academy of Orthopedic Surgeons, 1993; Bonnaire et al., 2005).

Besides intramedullary nail constructs, today’s preferred meth-
ods of internal fixation are either three cannulated bone screws,
the Angled Blade Plate or the Dynamic Hip Screw (DHS) with
side-plate (Swiontkowski et al., 1987; Sommers et al., 2004). Intra-
medullary nails and DHS can yield success rates of over 95% (Mad-
ll rights reserved.

(M. Windolf).
sen et al., 1998; Sommers et al., 2004). However, complication
rates increase considerably in the face of unstable fractures, poor
reduction (Stankewich et al., 1996; von der Linden et al., 2006)
or in case of osteoporosis. With respect to failure mechanisms a
common form is cut-out, a migration of the implant through the
cancellous bone of the femoral head (Stoffel et al., 2007) which sig-
nificantly relates to the bone mineral density (BMD) of the proxi-
mal femur (Leichter et al., 1982; Swiontkowski et al., 1987).
Postoperative complication-rates due to cut-out of 1–6% are re-
ported in the literature (Gardner et al., 2004). In 1998 a helical
shaped implant design was introduced in order to enhance implant
anchorage. Nowadays, this concept is upcoming in clinics and is al-
ready frequently used for treatment of proximal femur fractures.
Besides promising performance of nail-based solutions in biome-
chanical and clinical application studies (Strauss et al., 2006;
Lenich et al.,2006a,b; Gardner et al., 2007), a plate-based approach
(DHS-Blade, Synthes Inc., Bettlach, Switzerland) was launched re-
cently to combine the already established DHS concept with an im-
proved fracture fixation in osteoporotic bone. The mechanical
purchase mechanism comprises four helical-shaped blades at the

mailto:markus.windolf@aofoundation.org
http://www.sciencedirect.com/science/journal/02680033
http://www.elsevier.com/locate/clinbiomech
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implant head. The shaft is compatible with the standard DHS side-
plate. Unlike the DHS-Screw, the DHS-Blade is driven into the can-
cellous bone by hammer strikes. Free rotation of the head can be
blocked after instrumentation.

The aim of the study was to analyse the implant anchorage in
the femoral head of the DHS-Blade compared to the conventional
DHS-Screw under cyclic loading in an unstable femoral neck frac-
ture model. Moreover the biomechanical stability of the proximal
femur repair construct was investigated in terms of displacement
of the femoral head with respect to the shaft. We hypothesized
the DHS-Blade performing equal or superior to the DHS-Screw
with respect to implant anchorage.

2. Methods

Ten pairs of fresh frozen (�20 �C) human cadaveric femora were
obtained from the Department of Pathology of the Kantonsspital
Basel, Switzerland. BMD was measured in the femoral head by
peripheral quantitative computed-tomography (pQCT) using a
Densiscan 1000 (SCANCO Medical AG, Bassersdorf, Switzerland).
The femora were assigned to two homogeneous groups: (1) DHS-
Screw group and (2) DHS-Blade group. To account for variations
in BMD between left and right bones of a pair, an iterative routine
(Matlab, Mathworks Inc., Natick, USA) was established to obtain
the optimal permutation based on the criteria: (a) pairwise assign-
ment of the bones; (b) BMD mean and variance equal for both
groups; (c) number of left and right bones equal for both groups.

Before instrumentation, all specimens were thawed at room
temperature and stripped of soft tissue. All operations were per-
formed by a single experienced surgeon under fluoroscopic guid-
ance to ensure centered implant positioning in anteroposterior
and mediolateral direction. Bones of a pair were treated simulta-
neously to ensure comparable implant placement. Standard tool-
sets were used and the implantation manuals were followed
including guide wire placement (2.5 mm Kirschner wire) and
predrilling. In case of DHS-Screw samples the bore was tapped
prior screw insertion. Implant length was determined individually.
The tip-apex distance was set to 10 mm under fluoroscopic guid-
ance in anteroposterior direction. A 135� 4-hole DHS side-plate
Fig. 1. Creation of the osteotomy. Left: custom-made saw-guide clamped to the 4-hole
wedges in order to minimize cortical support.
was secured to the bone with four 4.5 mm cortex-screws. All
DHS-Blades were arrested against rotation of the head with a
1.5 Nm torque screwdriver engaging the interlocking mechanism
of the implant. Material was stainless steel for all implants and
screws.

After instrumentation standardized osteotomies were created
by using a custom-made saw-guide (Fig. 1). The device was fas-
tened to the side-plate and enabled simulation of an unstable
31-B2 fracture. Besides setting of the cutting position along the
femoral neck axis, the saw-guide could be adjusted in anteroposte-
rior direction to account for left and right bones. The blade of an
oscillating saw (0.9 mm thickness) was guided in circular slots
around the bone. Initially, the specimens were cut in the center
of the femoral neck at an angle of 20� with respect to the shaft axis.
Thereafter, a 30� distal wedge and a 15� posterior wedge were re-
moved to eliminate posteriomedial support (Fig. 1). All femurs
were shortened distally to a total length of 40 cm. Six centimeter
of the distal end were embedded in Polymethylmethacrylate
(PMMA, Beracryl, W. Troller AG, Fulenbach, Switzerland).

For mechanical testing the specimens were placed in a servo-
hydraulic testing machine (MTS Bionix 858, MTS, Eden Prairie,
USA) equipped with a 10 kN loadcell. The femora were physiolog-
ically oriented at 25� lateral tilt with respect to the vertical line. A
9� varus angulation and an angle of 16� of the resulting hip contact
force FH with respect to the craniocaudal direction was simulated
(Bergmann et al., 2001). The function of the iliotibial band and of
an abductor muscle group (musculus gluteus medius and mini-
mus) were simulated by a bracing attached to the greater trochan-
ter, resulting in a passive trochanter force FT at 25� to the
craniocaudal direction (Fig. 2). The head of the femur was loaded
via a spherical shaped greased metal shell. Gliding of the shell per-
pendicular to the direction of the force was allowed to ensure a
free center of rotation. The distal embedding of the femur was at-
tached to a cardanic joint. In order to simulate an alternating load
during walking a loading trajectory measured in vivo in the human
hip was transferred to the femoral head. The curve was provided
by Bergmann et al. (2001) representing the average hip joint con-
tact force of five patients during fast walking. Cyclic compression
testing was carried out at 2 Hz in load control. Starting at 1500 N
side-plate. Right: geometry of the fracture model. Removal of distal and posterior



Fig. 2. Test-setup. Left: free body diagram of the femur. Right: femur in testing
machine with attached retro-reflective marker-sets for optical motion tracking.
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Fig. 3. Survival curves of the two implant groups with regard to onset of head
migration based on the Cox-regression test.
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the peak load was increased by 500 N every 5000 cycles (von der
Linden et al., 2006). The load valley was kept constant at 200 N
throughout the experiment. The test was stopped when the ma-
chine’s actuator exceeded a displacement of 20 mm.

Digital radiographic images (Siemens Mobilett XP, Siemens
Medical Solutions AG, Dietikon, Switzerland) were taken with the
specimen placed in the testing apparatus prior testing (initial im-
age), in 5000 cycle increments and in case of failure of the con-
struct (20 mm actuator displacement). All radiographs showed
anteroposterior orientation and were captured at minimum load
(200 N). Radiographic settings and placement of the X-ray device
were kept constant during the tests. In order to determine migra-
tion of the femoral head with respect to the implant, all radio-
graphic images of a test were reoriented regarding to the initial
image by adapting the implant silhouettes by means of image pro-
cessing software (Photoshop, Adobe Systems Inc., San Jose, USA).
The displacement of the tip of a reference screw, inserted at the
medial aspect of the femoral head (Fig. 4). was identified for all
radiographs with respect to the initial image using a software cal-
liper. A displacement of P0.5 mm was considered as onset of head
migration. The corresponding number of test-cycles was identified
for statistical evaluation.

The overall performance of the repair construct in terms of dis-
placement of the femoral head with respect to the shaft was inves-
tigated by means of optical 3D motion tracking. Five Qualisys
ProReflex MCU digital cameras (Qualisys AB, Gothenburg, Sweden)
were used for the measurements. Computation of the relative mo-
tion was based on the coordinates of retro-reflective marker-sets
attached to the femoral head (A) and the femoral shaft (B)
(Fig. 2). Two collinear markers attached to the implant (C) were
used to determine the orientation of the implant-axis defining
the x-axis of the global coordinate system (COS) rigidly linked to
the shaft marker-set B. The y-axis of the global COS was located
in the plane spanned by the femoral neck and shaft axes. The frag-
ment COS rigidly bonded to the femoral head fragment was estab-
lished from marker-set A. The origin of both coordinate systems
was defined to be at the tip of the implant in untested condition
(Fig. 5). Displacement of the femoral head with respect to the shaft
was determined throughout the test at 50 Hz. Plastic deformation
(at minimum load) at the beginning of the test (after 200 cycles)
and after 10,000 test-cycles was computed for all specimens.

2.1. Statistical analysis

To assess differences between groups a survival analysis (Cox-
regression) was performed on the number of cycles to onset of
head migration considering BMD as covariate. Additionally, we
carried out a Fisher’s Exact Test in order to analyze the head migra-
tion rate. The tests were performed one-tailed according to the
study hypothesis. A paired t-test was carried out on the plastic
deformation of the repair construct after 200 and 10,000 cycles.
Furthermore, we determined Pearson’s correlation coefficient R
with respect to plastic deformation after 10,000 cycles and BMD.
Level of significance was a = 0.05. The software package SPSS (SPSS
Inc., Chicago, IL, USA) was used for statistical evaluations.

3. Results

During the test period, all 10 DHS-Screw samples showed fem-
oral head migration (100%) compared to five observed migrations
in the DHS-Blade group (50%). This difference in migration rate
was significant (P = 0.016). When dividing the DHS-Blade group
into two subgroups of five samples with lower and five with higher
bone density, two of five DHS-Blade migrations occurred at lower
BMD, three of five happened at higher BMD. A survival analysis
on the cycles to onset of head migration including all specimens re-
vealed a significant advantage of the DHS-Blade (P = 0.023,
power = 0.74; Fig. 3). Fig. 4 shows X-rays of an instrumented bone
pair before testing (A1, B1) and after 10,000 cycles (A2, B2). The
DHS-Blade specimen did not reflect any sign of migration (B2)
whereas a varus-tipping of the femoral head is clearly visible in
the contra-lateral DHS-Screw specimen (A2).

For all specimens 20 mm actuator displacement was exceeded
between 10,100 and 23,900 cycles. The measured displacement



Fig. 4. Anteroposterior radiographs of a bone pair (DHS-Screw: A, DHS-Blade: B) prior testing (A1, B1) and after 10,000 test-cycles (A2, B2). Besides fixation of the holder for
the optical markers, the screw at the medial aspect of the femoral head acted as reference object for radiographic evaluation. Head migration was determined as displacement
of the screw tip between time points 1 and 2. Head migration is clearly visible for the DHS-Screw sample (A2) in contrast to no discernable signs of migration for the DHS-
Blade sample (B2). Shortening of the femoral neck is obvious for both specimens.
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of the femoral head relative to the shaft mainly represented a
shortening of the femoral neck. This deformation was observed
for all specimens. At the beginning of the test (200 cycles) the
DHS-Blade samples showed significant larger displacement magni-
tudes yielding a mean of 8.65 mm (SD 2.14) compared to 6.20 mm
Fig. 5. Displacement vectors of the femoral head relative to the shaft after 200 cycle
(SD 1.68) for the DHS-Screw samples (P = 0.004; Fig. 5). Further-
more, the direction of the displacements with respect to the im-
plant-axis, projected into the anteroposterior plane, was
significantly different between groups [DHS-Blade: mean 31.6�
(SD 8.6); DHS-Screw: mean 43.5� (SD 11.2); P = 0.001]. After
s in the anteroposterior plane. Left: DHS-Screw group; Right: DHS-Blade group.



M. Windolf et al. / Clinical Biomechanics 24 (2009) 59–64 63
10,000 cycles, average displacements of 10.96 mm (SD 2.49) were
found for the DHS-Blade specimens compared to 8.96 mm (SD
3.24) for the DHS-Screw specimens. This difference was still signif-
icant between groups (P = 0.026).

Singh et al. (2005) measured a population of human femora
from highly osteoporotic to healthy bones with pQCT and reported
a BMD span of 0.2–0.6 g/cm3 in the femoral head. Here, BMD varied
between 0.29 and 0.45 g/cm3. The mean BMD was 0.38 g/cm3 (SD
0.057) for the DHS-Blade group and 0.38 g/cm3 (SD 0.06) for the
DHS-Screw group, respectively. A significant, negative correlation
was observed between BMD and the displacements of the femoral
head after 10,000 test-cycles for the DHS-Blade group (R = 0.809,
P = 0.005). The correlation obtained for the DHS-Screw group was
not significant (R = 0.538, P = 0.109).
4. Discussion

Since cut-out still remains one of the major clinical challenges
in the field of osteoporotic proximal femur fractures (Al-yassari
et al., 2002; Audige et al., 2003; Bonnaire et al., 2007), remarkable
efforts are made in developing superior treatment concepts. Be-
sides upcoming cement augmentation (Heini et al., 2004; Szpalski
et al., 2004; Mattsson et al., 2005; von der Linden et al., 2006) and
investigations on mechanically sensitive parameters like the tip-
apex distance (Baumgaertner and Solberg, 1997), implant develop-
ment and design remains a major approach (Giannoudis and
Schneider, 2006). The DHS-Blade was introduced as advancement
of the established but still optimizable DHS concept. By driving
the blade into the femoral head, the surrounding trabecular struc-
ture might undergo a volumetric compaction. This consolidation of
the material in combination with the visco-elastic behaviour of
cancellous bone (Green et al., 1999; Kold et al., 2005) might en-
hances the implant anchorage. A controversial theory describes a
potential loss of implant fixation due to trabecular micro fracturing
(Stulberg et al., 1991). The role of bone compaction is therefore not
entirely clarified. Another design advantage of the DHS-Blade
could be the increased implant surface projected orthogonally to
the direction of the force, resulting in superior load distribution
and stress reduction at the bone-implant interface. Moreover, in
contrast to the DHS-Screw, the DHS-Blade does not exhibit sharp
edges that can cut through the bone structure in the direction of
the applied force. In agreement with these assumptions, our
in vitro experiment shows superior implant anchorage of the
DHS-Blade under cyclic loading. Further clinical investigation is,
however, necessary to evaluate the performance of the fixation in
an in vivo context. The provided bone stock was considered as pop-
ulation of poor to good bone quality with regard to Singh et al.
(2005). Surprisingly, the observed femoral head migrations in the
DHS-Blade group were evenly distributed over the full range of
available bone densities. Emphasis on the osteoporotic samples
could have been expected. The mechanisms of bone compaction
might play a role here, but follow-up investigations are required.
However, this finding supports the use of the blade in osteoporotic
bone. Onset of femoral head migration with respect to the implant,
considered as preliminary stage of cut-out (Sommers et al., 2004;
Stoffel et al., 2007), was determined by radiographic evaluation
in 5000 cycle increments. This comparatively low temporal resolu-
tion was found sufficient to assess differences between implant
groups as proved by a statistical power-analysis. However, shorten
the detection intervals for future investigations could improve
monitoring of the migration process. The method for quantifying
the femoral head migration based on X-rays was preferred over
e.g. an optical motion tracking approach since the bone-implant
interface is directly assessable. Nevertheless, image processing is
still based on visual judgement to a certain extend. A fully auto-
mated procedure is thinkable and might be implemented in the fu-
ture. A comparatively low failure criterion (0.5 mm) was chosen to
identify the onset of head migration. We provoked 100% migra-
tions for the DHS-Screw and 50% migrations for the DHS-Blade
caused by the extreme conditions of the utilized model. The cre-
ated osteotomy was highly unstable due to removal of posterior
and distal support leading to increased load transfer via the im-
plant. Furthermore, the loading regime was raised stepwise from
initially 1.8 times body weight to a maximum of approx. 4 times
body weight according to the protocol of von der Linden et al.
(2006) simulating full weight bearing in the direct postoperative
phase. The observed varus-tipping of the femoral head is fre-
quently seen in clinics. Therefore, the model, including simulated
abductor muscle group and in vivo measured joint reaction force,
is deemed appropriate, even though, the muscle-force remains
passive and the directions of the forces were kept constant during
the simulated gait cycle. In this study we investigated the perfor-
mance of DHS-Screw and Blade implanted according to the surgical
guidelines. Numerous complications, however, occur due to poor
implant placement (Baumgaertner and Solberg, 1997). Follow-up
studies are required to investigate the cut-out resistance of the
DHS-Blade with regard to misplacement in mediolateral, antero-
posterior and craniocaudal direction.

Besides investigating the bone-implant interface, the study
evaluated the overall performance of the proximal femur repair
constructs. Displacement of the head relative to the shaft was
measured by means of optical motion tracking. As the DHS con-
cept allows dynamic compression of the fracture site, the major
portion of the found displacements represented sintering of the
fracture resulting in significant shortening of the femoral neck.
This effect correlated with the BMD of the specimens. The im-
pact of neck shortening is discussed controversially. Anatomi-
cally, the truncated moment arm leads to higher forces the
abductors have to generate (Zlowodzki et al., 2007). Clinical rel-
evance of an intact lever arm for the abductor musculature is
unquestioned (McGrory et al., 1995; Sakalkale et al., 2001;
Charles et al., 2005). On the other hand, increased neck shorten-
ing might indicate an improved load sharing situation, in favour
of the highly stressed bone-implant interface. Here, implant-
shafts and side-plates as well as the orientation of the implants
with respect to the direction of the force were identical for both
study-groups. Hence, an improved sliding capacity for one of the
investigated implants seems unlikely. However, neck shortening
was found higher for the DHS-Blade samples as indicated by a
significant higher displacement magnitude as well as by the dis-
placement vectors approaching the direction of the neck axis. A
considerable portion of the observed deformation did already oc-
cur after 200 test-cycles. The achieved fracture reduction might
be an attempt to explain this phenomenon. Stresses in the bone
structure, induced during insertion of the blade, were relieved
when creating the osteotomy. Inhomogeneity of the trabecular
structure in the femoral head might cause deflection of the im-
plant due to high insertion momenta, in contrast to quasi-static
screwing of the conventional DHS. The resulting malalignment of
the fragments may lead to early incision of the cortices (Fig. 6).
Furthermore, the healing process could be altered by the re-
duced cortical contact area at the fracture site. However, this
theory, based on our findings in a laboratory environment, re-
quires further investigation.

4.1. Conclusion

One of the most challenging problems in the treatment of fem-
oral neck fractures is the occurrence of implant cut-out. The DHS-
Blade was designed to overcome this exact problem in poor bone
quality. The study compared the biomechanical performance of



Fig. 6. Specimen after DHS-Blade insertion and creation of the osteotomy. Although
the fracture was created after implantation, malalignment of the cortices is clearly
visible.
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the DHS-Blade and the DHS-Screw under cyclic loading in an
unstable neck fracture model. Even though the DHS-Blade revealed
increased neck shortening, probably due to a systematic loss of
fracture reduction, a significantly enhanced cut-out resistance be-
came obvious. Since the conventional DHS-Screw seems estab-
lished in good bone stock, the DHS-Blade appears to be a
promising alternative in osteoporotic fracture treatment in order
to prevent cut-out.
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Background: Compaction of cancellous bone is believed to prevent cut-out. This in vitro study quantified
the compaction in the femoral head due to insertion of a dynamic hip screw-blade with and without
predrilling and investigated the resulting implant anchorage under cyclic loading.
Methods: Eight pairs of human cadaveric femoral heads were instrumented with a dynamic hip screw-
blade made of Polyetheretherketon. Pairwise instrumentation was performed either with or without
predrilling the specimens. CT scanning was performed before and after implantation, to measure bone-
compaction. Subsequently the implant was removed and a third scan was performed to analyze the relax-
ation of the bone structure. Commercial implants were reinserted and the specimens were cyclically
loaded until onset of cut-out occurred. The bone-implant interface was monitored by means of fluoro-
scopic imaging throughout the experiment. Paired t-tests were performed to identify differences regard-
ing compaction, relaxation and cycles to failure.
Findings: Bone density in the surrounding of the implant increased about 30% for the non-predrilled and
20% for the predrilled group when inserting the implant. After implant removal the predrilled specimens
fully relaxed; the non-predrilled group showed about 10% plastic deformation. No differences were found
regarding cycles to failure (P = 0.32).
Interpretation: Significant bone-compaction due to blade insertion was verified. Even though compaction
was lower when predrilling the specimens, mainly elastic deformation was present, which is believed to
primarily enhance the implant anchorage. Cyclic loading tests confirmed this thesis. The importance of
the implantation technique with regard to predrilling is therefore decreased.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Due to aging of the population, osteoporosis is an increasingly
frequent pathology (Tarantino et al., 2007). More than two million
incident fractures resulted in costs of $17 billion for 2005 in the
United States. The most devastating complication of osteoporosis
is hip fracture (Majumdar, 2008). With a total incidence of 14%
of all osteoporotic fractures, hip fractures caused 72% of the total
costs (Burge et al., 2007).

Post-operative complications accompanying osteosynthetic
treatment of proximal femur fractures become more and more sig-
nificant in the face of decreasing bone quality (American Academy
of Orthopedic Surgeons, 1993; Lowell, 1980; Bonnaire et al., 2005).
Implant cut-out, which describes a loss of implant anchorage in the
cancellous bone, occurs in 1–6% of the cases when using screw-
ll rights reserved.

(M. Windolf).
based fixation like the dynamic hip screw (DHS) or the proximal fe-
mur nail (PFN) (Gardner et al., 2004). Helical or spiral blade con-
cepts have been shown to biomechanically improve the cut-out
resistance (Strauss et al., 2006; Windolf et al., 2008). The process
behind, is not entirely described and is controversially discussed
in the literature. The compaction of cancellous bone, which occurs
when inserting a blade implant, is believed to play a major role
(Channer et al., 1996; Chareancholvanich et al., 2002; Green
et al., 1999) due to visco-elastic behaviour of compacted bone
(Kold et al., 2005b). On the other hand, compression of cancellous
bone could lead to micro-fracturing and brakeage of trabeculae.
This may result in non-vital bone in the surrounding of the implant
and hence, to loss of fixation (Kold et al., 2005a). To the knowledge
of the authors, bone-compaction as caused by blade implant appli-
cation has not been quantified yet. The DHS Blade (Synthes Inc.,
Bettlach, Switzerland) was introduced recently as advancement
of the conventional DHS for treatment of osteoporotic fractures.
The implant comprises a helical shaped head, designed to
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maximize bone-compaction. According to the surgical guidelines
of the DHS Blade, it is recommended to predrill prior implantation
in order to prevent complications. On the other hand, the
removal of bone due to predrilling might reduce the compaction
effect and hence, could influence the implant anchorage. In poor
bone stock, omitting predrilling might be an option to improve
the fixation.

The aim of this study was: (1) to quantify the compaction of
cancellous bone in human femoral heads when inserting a DHS
Blade; (2) to analyze the morphological effect on the trabecular
structure (destructive plastic deformation vs. non-destructive elas-
tic deformation) by investigating the regeneration of the structure
after implant removal; (3) to analyze the potential of bone-com-
paction for enhancement of implant fixation under cyclic loading
by comparing predrilled and non-predrilled instrumentation.

2. Methods

Eight pairs of fresh frozen (�20 �C) human cadaveric proximal
femora were used in this study. All femoral heads were cut
50 mm lateral to the femoral apex at 45� to the lateral cortex of
the femoral shaft. Bone pairs were randomly assigned to two study
groups: (1) predrilled; (2) non-predrilled. Equal number of left and
right bones was ensured for both groups.

2.1. Computed-tomography (CT) measurements

A sequence of three CT scans (peripheral quantitative com-
puted-tomography) was performed for each specimen: (1) prior
implant insertion; (2) after implant insertion; (3) after implant re-
moval. An Xtreme-CT (Scanco Medical AG, Bassersdorf,
Switzerland) with a spatial resolution of 82 lm was used. Prior
scanning, each specimen was instrumented with a Kirschner-wire
in anteroposterior direction close to the femoral apex. A PEEK-cone
(Polyetheretherketon) was inserted into the Adams’ arc close to the
sawing surface. Kirschner-wire and PEEK-cone established a three-
point support to enable reproducible placement of the specimen
with respect to the scanner (Fig. 1). Starting at 10 mm distance
from the femoral apex, a total length of 27.1 mm was scanned
Fig. 1. Fixture for repetitive CT scanning. A three-point support of the femoral head
was established by a Kirschner-wire and a PEEK-cone. The position of the cone
could be adjusted to align scan-axis and implant shaft axis. A total length of
27.1 mm was scanned starting at 10 mm from the apex of the femoral head.
for each specimen setting the slice-increment to 1.23 mm (23
slices total). After the first scan was performed, a 2.5 mm guide-
wire was inserted perpendicular to the sawing surface at the geo-
metric center of the femoral head. The specimens of the first group
were predrilled using a conventional DHS Blade drill bit until a dis-
tance of the drill tip to the femoral apex of 12 mm was reached
(Fig. 2). To avoid peri-implant radiographic artifacts, the helical
shaped head of the DHS Blade was machined from PEEK following
the exact dimensions of the implant. The PEEK-blade was then
pressed into the cancellous bone in a quasi static manner at
10 mm/min using an electro-mechanical testing apparatus (Instron
5866, Instron Inc., Norwood, USA) until a tip-apex distance of
12 mm was reached. Free rotation of the blade was ensured during
insertion. After removing the guide-wire, scan-series 2 was per-
formed in identical orientation of the specimens. The PEEK-blades
were removed by means of the testing machine and the specimens
were stored at room temperature for 10 h to ensure complete
relaxation of the trabecular structure. All specimens were again
scanned in identical orientation. Using a custom-made software
routine (Matlab, Mathworks Inc., Natick, USA), bone mineral densi-
ties (BMD) were computed from the CT raw data for each specimen
and scan within an area confined by a cylinder (diameter 14 mm)
aligned to the implant axis and by the outer contour of the implant.
Identical masking was applied to the corresponding CT slices of
scans 1, 2 and 3 (Fig. 3).

2.2. Mechanical testing

For investigating the purchase of the implant, stainless steel
DHS Blades (length 100 mm) were reinserted into the bones under
defined, displacement controlled conditions using the Instron test-
ing apparatus. The tip-apex distance was decreased to 10 mm to
provide additional anchorage to the implant. The specimens were
then placed in a servo-hydraulic testing machine (MTS Bionix
858, MTS, Eden Prairie, USA) equipped with a 4 kN load cell. The
implant shaft was constrained at 20� to the machine axis according
to the main direction of the hip contact force as measured by Berg-
mann et al. (2001). For transferring the load to the femoral head a
polymer shell was used. A cross-table was placed between ma-
chine actuator and shell to ensure a free center of rotation of the
femoral head (Fig. 4). In order to simulate an alternating load dur-
ing walking an in vivo measured loading trajectory (Bergmann
et al., 2001) was used instead of a sinusoidal curve. Cyclic loading
was performed at 2 Hz. Starting at 700 N compression force, the
load was monotonically increased at 0.08 N/cycle until an actuator
displacement of 8 mm was reached. The load-valley was main-
tained at 100 N throughout the test. At increments of 250 cycles,
fluoroscopic imaging was performed in anteroposterior direction
using an image intensifier (Siemens Arcadis Varic, Siemens Medical
Solutions AG, Munich, Germany). Radiographs were taken at min-
imum load with the specimen placed in the testing apparatus to
monitor the implant anchorage throughout the experiment. The
position of the image intensifier was maintained constant with re-
spect to the implant. The migration of the implant relative to the
femoral head in direction of the implant axis was determined from
the radiographs by means of image processing algorithms (Matlab,
Image Processing Toolbox). The projection of the cutting edge of
the head and a parallel edge of the fixture were identified using
an edge detection method. Reference lines were fitted to the edges
by linear regression of all identified pixels. The distance d between
these lines at a point parallel to the implant axis was computed for
all X-rays of a test (Fig. 5). Radiographs were calibrated using the
implant diameter as reference dimension dR. A displacement of
0.5 mm with respect to the initial X-ray was suggested as onset
of implant migration (Windolf et al., 2008). The number of cycles
until onset of migration was identified.



Fig. 2. Insertion of the implant. Left: Drill bit perpendicular to the sawing surface of the femoral head for predrilling the specimens. Middle: Static insertion of the PEEK-blade
in displacement control to a tip-apex distance of 12 mm. A spherical stamp was used to eliminate bending stresses and to allow free rotation of the implant. Right: Femoral
head after implant removal.
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2.3. Statistical evaluation

Differences between CT scans 1 and 2 (bone-compaction), be-
tween scans 2 and 3 (bone relaxation) and between scans 1 and
3 (plastic deformation) were investigated separately for the pre-
drilled and non-predrilled group by means of an ANOVA (analysis
of variance) for repeated measures. P-values were adjusted accord-
ing to Bonferroni for multiple comparisons. For both groups Pear-
son’s correlation coefficient R was calculated to identify
correlations between compaction and initial BMD of the specimen
(scan 1). Furthermore, paired t-tests were carried out to identify
differences between predrilled and non-predrilled groups regard-
ing bone-compaction and plastic deformation. To investigate the
BMD distribution along the implant axis, the area around the
implant was divided into three zones: (1) implant tip area; (2) im-
plant body; and (3) run-out area (Fig. 6). Differences in bone-com-
paction between zones were investigated using a one-way ANOVA
Fig. 3. Bone mineral density before DHS Blade instrumentation (scan 1), after instrumen
and non-predrilled groups. Bars indicate mean ± SD. BMD was determined in an area in-b
Images below the graph show CT slices of scans 1, 2 and 3 of a specimen with identical m
around the implant is visible.
with Bonferroni post-hoc correction. A paired t-test was used to
compare predrilled and non-predrilled groups regarding cycles to
onset of implant migration. The software package SPSS 14.0 (SPSS
Inc., Chicago, IL, USA) was used for all statistical evaluations. Level
of significance was a = 0.05.
3. Results

As determined from CT scans 1, BMD ranged between 0.29 and
0.72 g/cm3 for the predrilled group and between 0.28 and 0.70
g/cm3 for the non-predrilled group. After implanting the PEEK-
blade, the mean BMD increased from 0.42 g/cm3 (SD 0.13) to
0.50 g/cm3 (SD 0.14) for the predrilled group and from 0.43
g/cm3 (SD 0.14) to 0.54 g/cm3 (SD 0.14) for the non-predrilled
group (Fig. 3). This compaction of the cancellous bone was signifi-
cant for both groups (both P < 0.001). The non-predrilled group
tation (scan 2) and after implant removal and relaxation time (scan 3) for predrilled
etween the implant contour and a cylinder with 14 mm diameter for each CT scan.
asking for BMD evaluation. When comparing slice 1 and 2, increased bone content



Fig. 4. Setup for mechanical testing. The isolated head was cyclically loaded at 20�
to the vertical line. The load was monotonically increased starting at 700 N until
onset of cut-out occurred. The load-valley was kept constant at 100 N.
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revealed significantly higher compaction compared to the pre-
drilled group (P < 0.001). After removal of the implant, the BMD de-
creased to 0.43 g/cm3 (SD 0.15) for the predrilled group and to
0.47 g/cm3 (SD 0.15) for the non-predrilled group. This relaxation
effect (scan 3 compared to scan 2) was significant for both groups
(both P < 0.001). The BMD after implant removal (scan 3) com-
pared to the intact bone (scan 1) was significantly higher for the
non-predrilled group (P = 0.004). No difference was found for the
predrilled specimens (P = 0.79). For both groups the amount of
compaction due to implant insertion did not correlate with the ini-
tial BMD of the specimen (scan 1; predrilled: R = 0.075, P = 0.86;
non-predrilled: R = 0.236, P = 0.57). For the non-predrilled group,
the compaction due to implant insertion was significantly higher
at the implant tip compared to implant body and run-out area
(both P < 0.005). For the predrilled specimens no differences were
found between zones (all P > 0.05) (Fig. 6). When cyclically loading
the constructs, all specimens failed due to migration of the head in
direction of the implant axis (Fig. 5). Cycles to onset of implant
migration did not reveal any differences between groups (pre-
drilled: mean 10906 cycles (SD 9701); non-predrilled: mean
12781 cycles (SD 10538); and P = 0.32).
Fig. 5. Monitoring of the bone-implant interface during mechanical testing.
Radiographic imaging was performed in 250 cycle increments. X-rays of a specimen
at the beginning of the test (A) and after failure (B). All specimens of the experiment
cut through the cancellous bone and migrated along the implant axis. The distance
between cutting edge of the head and fixture was measured for each X-ray. dB –
dA P 0.5 mm was considered as onset of migration. All X-rays were calibrated using
the known reference dimension dR.
4. Discussion

The use of blade implants in clinics is gaining acceptance since
potentials for osteoporotic fracture fixation became obvious. Clin-
ical (Simmermacher et al., 2008) as well as biomechanical studies
(Strauss et al., 2006) have shown promising performance of blade
concepts. A biomechanical comparison of conventional DHS and
DHS Blade reflected 100% cut-outs of the tested DHS specimens
due to extreme conditions of the utilized model. In contrast, only
half of the DHS Blade samples failed due to cut-out (Windolf
et al., 2008). The underlying mechanism for improved purchase
of the blade implant is unclear but bone-compaction is deemed
to play a major role (Windolf et al., 2008). In contrast to the thread
of the conventional DHS, the blade is likely to involve a certain
densification of bone due to its helical design. To our knowledge
neither screw- nor blade-compaction has been measured yet. In
a first step, this in vitro study quantified the compaction of cancel-
lous bone surrounding a DHS Blade after predrilled and non-pre-
drilled instrumentation by means of repetitive CT measurements.
We observed significant increase of bone mineral density due to
Fig. 6. Distribution of bone-compaction along the implant axis for predrilled and
non-predrilled groups. Curves represent mean BMD of a group. For the non-
predrilled group compaction was significantly higher at the implant tip compared
to other zones. For the predrilled specimens the compaction was evenly distributed.
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DHS Blade insertion of about 30%. When predrilling, the bone-com-
paction was significantly lower (about 20%) due to removal of bone
content. The degree of compaction was found independent from
the specimens’ bone quality since no correlation between compac-
tion and BMD was observed. After implant removal the bone struc-
ture tended to relax but in case of non-predrilled instrumentation
the state before implantation could not be recovered (about 10%
remaining deformation). This indicates that fracturing of the tra-
beculae and therefore destruction of the meshwork might have oc-
curred to a certain extent. On the other hand, the observed
relaxation of the bone structure indicates that at least a portion
of the loaded trabeculae underwent deformation in the elastic
range. The ‘‘spring back effect” of cancellous bone, already ob-
served by Kold et al. (2003), is believed to enhance the implant
purchase due to elastic restoring forces. Since the actual relaxation
velocity of trabeculae following compaction is unknown, a compar-
atively long relaxation period (10 h) was chosen to ensure full
expansion of the structure. In the predrilled group, showing lower
bone-compaction, beneficial elastic deformation seems to be pre-
dominant. For the non-predrilled group, a significant higher com-
paction was observed at the tip of the implant compared to other
regions. This indicates a material transport towards the implant
tip during blade insertion. In the direct post operative phase, con-
sidered as most critical for cut-out, these loose fragments are unli-
kely to contribute to a superior implant purchase. Later on, bone
healing and remodeling might integrate the bone chips into a solid
union for enhancement of the implant fixation. Nevertheless, the
blood supply, considered as driving force for healing, may be dis-
turbed by bone-compaction to a certain extent. Hence, not only
from the mechanical but also from a biological perspective, an
extensive compaction of bone may not necessarily lead to a supe-
rior load bearing of the structure. However, further investigations
with respect to latter thoughts are strongly required. To the knowl-
edge of the authors, no evidence regarding biological impact of
bone-compaction has been reported in the literature.

In agreement with latter hypothesis, cyclic loading until failure
of the bone-implant interface did not reflect differences between
predrilled and non-predrilled specimens. Even though, the used
setup for mechanical testing represents only a rough approxima-
tion to reality, an isolated head model was deemed to be most
practical (Suhm et al., 2007; von der Linden et al., 2006). The setup
mimicked a highly unstable femoral neck fracture and at the same
time simulated a blocked sliding mechanism of the implant. This
scenario is considered as worst case for the bone-implant interface.
The setup allowed direct access to the interface by radiographic
monitoring. Parameters such as screw-sliding, femur bending or
stress shielding at the fracture gap could be excluded. Loading of
the hip was modeled using an in vivo measured load pattern with
physiological orientation of the force. To account for the unstable
situation of the head and variations in bone density, the loading
trajectory of Bergmann et al. was downscaled from 230–30% body
weight (average loading–unloading of the hip during gait) to
approximately 100–15% body weight (700–100 N) at the beginning
of the test. As determined from pilot experiments, a monotonic in-
crease of the load of 0.08 N/cycle appeared appropriate to achieve
adequate test duration for the available population of specimens
until failure occurred. In all cases, the implant migrated along its
axis towards the apex. This mode of failure is frequently seen in
clinics accompanying various types of fixations of the proximal fe-
mur. Here, it might be due to sharp edges of the blade on its face
side in combination with the absent load sharing at the fracture
site.

Compaction was quantified by means of CT scanning. BMD was
evaluated at three time points in a cylinder confining the implant
with exclusion of the implant volume. To assure reproducible ori-
entation of the specimen with respect to the scanner coordinate
system, a special holder with three-point support of the femoral
head was used. Repeated measurements of an intact control spec-
imen revealed an accuracy of 0.5% for determining the BMD. This
was suggested to be sufficient for the measuring task. In order to
avoid radiographic artifacts, making a quantitative evaluation of
BMD based on CT data impossible, a PEEK-blade was used, showing
the identical design of the commercial implant. However, surface
properties, grinding of the edges, elastic modulus of the material,
etc. differ from the conventional implant. Moreover, in contrast
to the clinical procedure the implant was inserted in a quasi static
manner by using a mechanical test apparatus. This method was
preferred in order to standardize the insertion. However, influence
of the mentioned factors on the compaction process cannot be en-
tirely excluded. The PEEK implant was removed after measuring
the compaction, in order to investigate the relaxation of the bone
structure. A commercial implant was reinserted and anchored by
reducing the tip-apex distance from 12 to 10 mm. Nevertheless,
it is not clarified to what extent implant removal and reinsertion
alters the fixation. With respect to the mentioned limitations of
the study, the presented results have to be viewed on a critical
note.
5. Conclusion

This in vitro study revealed significant amount of bone-compac-
tion in the femoral head as result of DHS Blade application. The
compaction was considerably lower when predrilling the speci-
mens, but the bone structure fully regenerated after implant re-
moval. In contrast, the non-predrilled specimens revealed partly
plastic deformation due to compaction. No difference in cut-out
resistance was found under cyclic loading. We conclude that max-
imizing the bone content around the implant forgoing predrilling
does not necessarily enhance the cut-out resistance, since mainly
elastic deformation seems to contribute to the implant anchorage.
Importance of the implantation technique with or without predril-
ling is therefore decreased.
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