ORIGINAL ARTICLE

Comparison of Mechanical Performance between Circular
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ABSTRACT

Aim and objective: This study was designed to test and compare the mechanical performance of the biplanar ArthroSave KneeReviver and a
circular frame construct with the intended use of providing a mechanically favourable environment for cartilage regeneration across a knee joint.
Materials and methods: Three similar constructs of the two devices were applied to biomechanical testing sawbones, with the knee distracted
by 8 mm. The constructs were vertically loaded to 800 N in an Instron testing machine at 20 mm/minute. Tests were conducted in neutral hip
flexion and at 12° of hip flexion and extension, to mimic leg position in gait. Displacement measurements were taken from the Instron machine,
and three-dimensional joint motion was recorded using an Optotrak Certus motion capture system.

Results: Overall axial rigidity was similar between the two devices (circular frame, 81.6 N/mm =+ 5.9; and KneeReviver, 79.5 N/mm + 25.1 with
hip neutral) and similar in different hip positions. At the point of joint contact, the overall rigidity of the circular frame increased significantly
more than the KneeReviver (491 N/mm + 27 and 93 N/mm =+ 32, respectively, p <0.001). There was more variability between models in the
KneeReviver. There was more off-axis motion in the KneeReviver, mainly due to increasing knee flexion on loading. This was exacerbated with
the hip in flexion and extension but remained small, with the maximal off-axis displacement being 7 mm/3°.

Conclusion: The circular frame provides a similar mechanical environment to the novel KneeReviver device, for which most clinical data are
available. These findings suggest that both devices appear a viable option for knee joint distraction (KJD). Further clinical data will help inform
mode of application.

Clinical significance: KJD is a relatively novel technique for use in osteoarthritis (OA), and it remains unclear which distraction devices provide
appropriate mechanics. Our testing gives evidence to support either option for further use.

Keywords: Arthrodiastasis, Arthrodistraction, Biomechanical study, Circular frame, External fixator, Knee, Knee joint distraction, Knee osteoarthritis,
Pain.
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INTRODUCTION 128Department of Trauma and Orthopaedics, Leeds General Infirmary,

Osteoarthritis (OA) is a common and disabling condition affecting
an estimated 8.75 million people over the age of 45 in England. Of
these, over four million people have symptomatic OA of the knee,
with increasing numbers of patients presenting for treatment.’
Reasons for this are multifactorial and include an aging active
population and a steadily increasing average population body
mass index.>™* More young patients are also seeking treatment,
often with the expectation of maintaining or returning to high
levels of physical activity. Initial treatment is non-operative
with analgesia, activity modification and physiotherapy. Whilst
realignment osteotomy is appropriate in selected patients, to
offload the most severely affected compartment,® no established
treatment can halt the arthritic process. When these treatments
fail to provide sufficient symptomatic relief, the remaining option
is a knee replacement.

Knee replacement is a proven and effective option for
symptomatic OA.° Over 100,000 knee replacements are performed
in the United Kingdom per year costing over £1 billion. One in three
of these patients is aged 65 years or younger. These procedures are,
however, not universally successful; approximately 20% of patients
report ongoing pain or dissatisfaction with their treatment.”
Furthermore, the implants have a finite lifespan, necessitating
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complex, expensive revision surgery. This risk is particularly high in
those receiving replacements under the age of 60, with an average
time to failure of only 4.5 years.® Joint revision is associated with
an increased cost, risk of complications and inferior outcomes.®~1°
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Frame Types in Knee Joint Distraction

Itis, therefore, prudent to delay knee replacement surgery wherever
possible in younger patients.

A novel approach to the treatment of OA is joint distraction
by external fixation, which has shown promising results in the
treatment of ankle OA."'"'° Knee joint distraction (KJD) is an
adaptation to this concept, used for patients with tibiofemoral
OA to achieve symptomatic relief with a view to delaying the
need for knee arthroplasty. Distraction is applied across the knee
via percutaneous external fixation in the tibia and femur and
maintained for around 6 weeks. Although the mechanism is not
fully understood, it is postulated that this offloads the cartilage
whilst allowing intermittent symmetrical axial motion on weight-
bearing, with resultant synovial fluid pressure oscillation. The
resultant mechanical and biochemical environment appears to
favour cartilage regeneration."""” KJD has been shown to achieve
significant symptom improvement and restoration of cartilage
with a low rate of conversion to knee replacement in a number of
observational studies.’®2° However, clinical- and cost-effectiveness
of KJD compared to the current gold standard of treatment, joint
replacement, is unknown. A large multicentre trial investigating
this is planned.?’

KJD can be performed with various devices. The ArthroSave
KneeReviver has been developed specifically for knee distraction
and is CE marked for this purpose.??% This is a biplanar device
comprised of two purpose-built fixators, one either side of the knee,
fixed with eight standard 6 mm half-pins. It is the current standard
forknee distraction but is not routinely used in the United Kingdom.
A more familiar and widely available option might be the use of
existing modular circular frame devices. Though direct implant
costs are likely similar or higher than the ArthroSave, this may well
be offsetin the United Kingdom by indirect savings due to existing
healthcare logistics. A circular fixator may produce a different
mechanical environment to the established KneeReviver device,
and the effect of this in KJD is unknown. The ArthroSave device
incorporates an internal spring to allow motion of the construct on
weight-bearing that is not available for the circular fixator. Prior to
usein aclinical setting, itisimportant to understand the mechanical
properties of the ArthroSave KneeReviver and a standard circular
frame construct, which might be used for knee distraction. This
simulated biomechanical study has two purposes: (1) To test the
rigidity of two KJD constructs and analyse how they perform under
increasing mechanical load; and (2) compare the performance of
each construct to establish any significant difference between them
that might alter clinical outcomes in vivo.

MATERIALS AND METHODS

Construction of Models for Testing

Constructs for testing were assembled using clinical grade
surgical devices implanted by the senior author, an experienced,
fellowship-trained, limb reconstruction surgeon. Biomechanical
grade SawBone™ anatomic left femur and tibia mechanical bone
substitutes (SawBones, Vashon, Washington, United States) were
used. A symmetrical 8 mm gap was preserved at the knee joint using
spacers to ensure consistency between models. This is greater than
the 5 mm of distraction recommended in the KneeReviver surgical
technique, to allow examination of displacements beyond this,
should they occur on testing. Three similar models of each device
were constructed for testing.

The KneeReviver device (ArthroSave, Culemborg, Netherlands)
constructs were assembled according to the surgical techniques
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manual with reference pins placed in the tibia and femur, parallel
to the joint surfaces to align the construct in the coronal plane.
Six-millimetre diameter pre-drilled, self-tapping half-pins were
used throughout. The medial fixator was placed first followed by
the lateral fixator (Fig. 1A).

Circular fixators were applied according to recognised
techniques.?* The tibial segment consisted of two full 180 mm rings,
each containing two wires and a half-pin. The femoral segment
consisted of a 205 mm full ring distally with two wires and a half-
pin; and a 205 mm half-ring proximally fixed with three half-pins,
connected using femoral arch supports (Fig. 1B). Fixation elements
were inserted according to recognised safe insertion corridors and
were pretensioned to 1300 N.2> Aluminium Taylor spatial frame rings
(Smith & Nephew Inc, Memphis, Tennessee, United States) were used.

Mechanical Testing

Models were mounted in an Instron E5980 (Instron, High Wycombe,
United Kingdom) universal testing machine equipped with a 5 kN
sub-load cell. The tibia was fixed in the device distally using fixation
bolts (Fig. 2). The load was applied proximally through the greater

Figs 1A and B: Two constructs: (A) ArthroSave KneeReviver; (B) Circular
frame

Fig. 2: Circular frame mounted in an Instron E5980 with a 5 kN sub-load
cell and Optotrak motion sensors
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trochanter, as loading via the femoral head was noted to produce
significant varus. Models were preconditioned by cyclical loading
prior to testing. An axial load of 800 N was sequentially applied
to achieve vertical displacement at a rate of 20 mm/minute. Axial
deformation of the construct was measured directly by the Instron
machine. The global rigidity of each construct was calculated in
N/mm, as the amount force required for 1 mm of axial deformation
from the gradient of the linear portion of the load-displacement
curves. An Optotrak Certus 3D motion capture system (NDI Europe,
Bodensee, Germany) was used to measure three-dimensional
displacement of the femoral and tibial bone analogues via paired
infrared emitters applied to each bone segment. This allowed
relative motion at the knee to be calculated with an accuracy and
resolution of 0.1 and 0.01 mm, respectively. The tests were initially
undertaken with the leg vertical to simulate stance in the neutral
hip position. The tests were then repeated with the distal fixation
point moved off-axis anteriorly and posteriorly to achieve 12° of
hip extension and flexion, simulating limb position during normal
gait. Each of the three models for both constructs was tested three
times in each position.

Data Analysis

Data were collected and analysed using Microsoft Excel® (Microsoft
Corporation, Redmond, Washington, United States). Mean overall
stiffness was calculated and compared using t-test analysis. Global
load versus deformation was calculated by comparison of the
Instron and Optotrak data. A p-value of <0.05 was considered
statistically significant throughout.

REesuLTs

Overall Construct Rigidity

With the hip in a neutral position, the mean overall construct
rigidity of the two systems was similar (circular frame,
85 N/mm =+ 3.6; KneeReviver, 80 N/mm + 25.1; p = 0.15). At 12° hip
flexion, the mean stiffness was 78.93 N/mm + 8.11 in the circular
frame and 98.94 N/mm +29.32 in the KneeReviver (mean difference,
20.01 N/mm; p = 0.09). At 12° hip extension, the mean stiffness was
87.43 N/mm + 5.82 in the circular frame and 100.64 N/mm + 21.77
in the KneeReviver (mean difference, 13.21 N/mm; p = 0.10). There
was greater variability in the mechanical performance of the

KneeReviver constructs between models in all tests, as reflected
in the standard deviation.

On axial loading, both constructs underwent initial linear
deformation as load increased (Fig. 3). At around 600 N in both
constructs, stiffness rapidly increased corresponding to the
point of articular contact at the knee when the distraction gap
closed. After this occurred, the circular frame was more rigid than
the KneeReviver (circular frame, 491 N/mm + 27; KneeReviver,
93 N/mm + 32; p <0.0001). The circular frame became almost six
times more rigid after joint contact, significantly more rigid than
the KneeReviver. Following contact, the KneeReviver constructs
underwent additional deformation in the form of knee flexion,
whilst the circular frames remained relatively well-aligned.

Articular Displacement

From the Optotrak data, translation between the distal femur and
proximal tibia tracking markers can be observed (Fig. 4). As the axial
load was applied, the joint markers in both sawbones get closer and
the gap atthe kneeis reduced, and eventually closed, demonstrated
by the reducing vertical displacement in Figure 4.1t can be observed
that motion is more linear in the circular frame construct, with
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some anterior translation occurring in the KneeReviver. As further
load is applied, global axial (vertical) displacement continues to
increase; however, the articular vertical displacement ceases. In
the KneeReviver models, ongoing displacement was explained
by greater flexion at the knee. With this flexion, there is ongoing
anterior translation, resulting in the appearance of a reduced
magnitude of axial displacement. It should be noted that small
angular movements of long bones result in large translations.

Tibiofemoral Rotation

Although formal testing of rotational rigidity was not performed in
this study, small amounts of tibiofemoral rotation were observed
in both constructs with axial load. As the constructs were loaded,
the tibia tended to externally rotate on the femur in the circular
frame constructs, whereas the KneeReviver demonstrated internal
rotation (Table 1). Optotrak data demonstrate a high degree of
variability in such small angular movements for both devices, thus
preventing any strong conclusions.

Knee Flexion

Knee flexion was observed in both constructs throughout the
loading process, but it was more marked in the KneeReviver
device. In a neutral hip position, at the point of joint contact, the
circular frame exhibited a mean knee flexion of 0.70° + 0.45, whilst
1.94° + 0.76 was exhibited by the KneeReviver (Fig. 5). At 12° of hip
flexion, the circular frame exhibited —0.61° + 1.16, whilst 1.42° + 0.33
was exhibited by the KneeReviver. At 12° of hip extension, the
circular frame exhibited 0.42° + 0.21, whilst 1.00° + 0.69 was
exhibited by the KneeReviver. The positive values denote knee
flexion, whilst the negative values demonstrate extension. After
the point of joint contact, as the frames are loaded beyond 600 N,
the KneeReviver flexes further, whereas the circular frame flexes
less and is, therefore, more rigid (Fig. 5).

Table 1: Results of tibiofemoral rotation in degrees

Discussion

KJD appears to be an effective and relatively low-risk management
option in knee OA for younger patients. Initial data suggest similar
outcomes can be achieved when compared to knee replacement
or high tibial osteotomy.?%?%?” Both biplanar external fixators
and circular frames are well-established orthopaedic devices
that have been utilised in different types of joint distraction with
documented improvementin function and increase in radiographic
joint space.’*?6-28 The biomechanical stability of circular fixators has
been described widely in the literature.?3° Despite the significant
evidence base demonstrating the mechanical stability provided
by circular frames, they have not currently been proven in KJD or
directly compared with a biplanar device. Previous clinical KJD
studies have used two Monotube® Triax™ (Stryker, Kalamazoo,
Michigan) proof-of-concept devices with 40 kg internal springs;
however, there are no quantitative biomechanical data relating to
this device when compared to a circular frame.2%26 Currently, there
is no published literature regarding the mechanical behaviour of
biplanar devices used in KJD and a paucity of data regarding circular
constructs for the same purpose. Previous studies examining the
use of an llizarov frame for joint distraction do not comment on the
biomechanics of the frame.>"*2 This study was designed to test and
compare the mechanical performance of the biplanar ArthroSave
KneeReviver and a circular frame construct with the intended use
of providing a mechanically favourable environment for cartilage
regeneration across a knee joint.

Limitations

This study has multiple limitations that should be considered when
interpreting the results. The SawBone™ synthetic bone analogues
used are specifically designed to replicate human anatomy and
the mechanical behaviour of a normal bone. They have repeatedly
been shown to be an effective bone substitutes for mechanical
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testing.>>~3° They carry specific advantages to cadaveric material in
terms of practicality and consistency between specimens. However,
disadvantages remain. Most important is the lack of soft tissue
envelope in these models. These will significantly alter the forces
acting across the knee and resist deformation, particularly off-axis.
Whilst some translation does occur at the knee joint, any excessive
motion is restricted by the presence of the cruciate ligaments, whilst
the collateral ligaments prevent excessive varus/valgus movement.
During a normal gait cycle, the flexion force exerted through the
knee joint is counteracted by the extension force applied by the
extensor mechanism. The meniscialso play a role in the restriction
of axial compression at the joint space. The absence of an extensor
mechanism and patellofemoral joint may alter the forces loading
through the knee joint. In particular, it must be considered that
the additional translation observed in the KneeReviver models
may be less pronounced in clinical practice due to the presence of
these dynamic and static soft tissue constraints. Both devices were
tested under these conditions and performed similarly, however,
and comparison, therefore, appears valid.

In our study, we found that the sawbone analogues did not
replicate normal anatomic alignment when the knee joint was
congruent. This resulted in the mechanical axis lying significantly
medial when the load was applied via the hip joint, placing a
significant abnormal varus force on loading. This was overcome
by transferring the proximal load plate to the tip of the greater
trochanter, which loaded the knee symmetrically. Whilst a
compromise from normal mechanics, it was felt that this better
replicated the situation in the average patient. Clearly, mechanical
alignment will vary between patients, in some of whom significant
mechanical axis deviations might occur.

Although every effort was made to make each construct
identical, there will be naturally be a degree of variation between
constructs, and this has been reflected in the results. This will also
be the case in clinical practice. For this experiment, construction
of all models was undertaken by orthopaedic surgeons under the
supervision of a consultant limb reconstruction specialist to ensure
consistency of application.

Testing of the constructs was undertaken at the neutral hip
position, 12° of hip flexion and 12° of hip extension to replicate
normal gait, which will be undertaken in clinical situations. Normal
gaitrequires hip flexion to 25-30° so the increased hip flexion seen
in clinical practice may increase deformation of the constructs,
however, with a knee locked in extension hip flexion of 12°is more
realistic.3® Despite efforts to replicate gait, it was not possible to
examine the constructs in dynamic loading and shifting between
flexion and extension. It is likely that these changes in direction
place different forces through the constructs, which we have not
been able to identify in static loading.

Perhaps most importantly, the mechanisms behind observed
clinical improvements and apparent cartilage regeneration
following joint distraction have not been elucidated. It is, therefore,
not possible to determine what the ideal mechanical environment
might be. Whilst it might be possible to suggest this based on basic
principles, this study cannot directly determine whether one device
might be superior to another, but only compare their performance.
The ability to build bespoke constructs with circular frame equipment
isa potential advantage over the ArthroSave KneeReviver. This allows
the construction of frames with different rigidities based on the
clinical requirement by the use of a varying combination of fixation
elements. For the purpose of this study, a knee spanning frame with

femoral and tibial components of conventional length was applied.
Whilst this limits direct comparability to the shorter KneeReviver
constructs, it was felt this approach would be more analogous to
the clinical situation by best representing a construct that most
surgeons would choose to apply. In clinical practice, a smaller length
circular frame might be more acceptable to the patient if it delivers
an appropriate mechanical environment; however, data are not
available here to demonstrate this.

Overall Rigidity

The constructs performed similarly in terms of overall axial stiffness,
with no significant differences detected when tested in the different
positions of hip flexion. Knee joint contact occurred at a similar load
of approximately 600 N for both devices. Previous studies have
shown the KJD using intraoperative X-rays but have not objectively
demonstrated that complete distraction is maintained on weight-
bearing. The expected load through the knee in clinical scenarios
of an average patient walking with full weight on the distracted
limb would be well above 600 N.3’ Given that the distraction gapin
the models was set at 8 mm rather than 5 mm as advised in clinical
practice,? these results suggest that these constructs may not fully
offload the knee joint when under normal physiological loading.
The additional stability provided by soft tissue in vivo, which this
model does not include, may alter the maintenance of distraction
by preloading the fixators when they are distracted against this
soft tissue tension. Alternatively, despite contact on loading, the
mechanical environment generated still results in cartilage recovery
as evidenced by the clinical and radiological improvements shown
in the use of the biplanar devices.?2%2 Previous cadaveric work
looking specifically at the minimum distraction gap at the ankle has
been conducted; however, these results cannot be compared to
those presented here given that a different joint is being examined
using different techniques.®® The authors acknowledge that a
completely distracted joint with zero force across it at all times may,
in fact, not necessarily be required for successful clinical results.
Extrapolation of our results, assuming that behaviour remains
linear at higher loads, suggests that complete distraction should be
maintained at 700 N with a distraction gap of approximately 8 mm
and 10 mm for the circular frame and KneeReviver, respectively. This
is a large gap and may not be tolerated or achievable in vivo when
taking into account therisk to the surrounding soft tissue restraints
and neurovascular structures. At higher loads, constructs containing
tensioned wires may behave non-linearly, with a self-stiffening
effect, meaning that complete offloading might occur with smaller
distraction gaps. This study focuses predominantly on frame
stability rather than the size of the distraction gap implemented.
We have chosen this approach because of the limitations of the
sawbone model, namely the absence of ligamentous restraints.
In order to determine the minimum gap required to maintain
an offloaded knee with a particular construct, further research is
required and should perhaps be performed in cadaveric models,
using similar techniques to previous studies.>® Interpretation of
these findingsis limited by the fact that the mechanisms underlying
the clinical improvement observed following KJD have not been
determined. Current understanding suggests cyclical axial micro-
motion may generate oscillatory pressure changes in the synovial
fluid, favourable to cartilage regeneration. It seems likely that work
in an animal model, or indeed clinical studies, would be required
to elucidate the optimum mechanical environment before firm
conclusions could be drawn.
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Variations in the overall rigidity between the three builds of
each device were observed, despite attempts to reproduce identical
constructs on application. Although every effort was made to build
mechanically similar constructs, as is the case in clinical practice, the
exact position of the fixation points was not formally measured. The
variation of overall stiffness in the KneeReviver constructs was greater
than that of the circular frame with ranges of 56.94-133.47 N/mm
and 67.79-95.57 N/mm, respectively. This suggests that the
performance of the KneeReviver is more sensitive to small variations
in its application or that it was more difficult to apply consistently.

Rotational Rigidity

Very little axial tibiofemoral rotation was observed on testing either
design, with less than 2° recorded when testing in all three hip
positions. Rotational rigidity is greatly affected by the length of the
construct across the knee. Our data demonstrate that the circular
frame is more rotationally rigid than the KneeReviver when loaded
with the hip in flexion or extension, but less rigid with the hip in
neutral. This rotational movement would create a sheer force on the
joint when the joint is in contact. However, the clinical significance
of such a small movement for such a short period of time during
the gait cycle is unclear.

Rigidity in the Sagittal Plane

The motion capture data demonstrate that, on axial loading, a
larger degree of knee flexion occurred in the KneeReviver models
than the circular frame. The circular frame was more resistant to
out-of-plane loading than the KneeReviver, likely due to its larger
span and multiplanar fixation. The KneeReviver provided uniplanar
fixation on the femur, whereas the circular frame wires had greater
crossing angles that made it inherently more stable. Movement
demonstrated at the joint space in the circular frame constructs was
predominantly, and more consistently, in the axial plane, whereas
the KneeReviver was much more variable.

Our results suggest that during distraction, on physiologic
loading, contact may occur. When combined with knee flexion,
as exhibited in the KneeReviver, part of the joint surface may be
subjected to a potentially unfavourable sheer force. The circular
frame is less likely to exhibit this behaviour as it resists this motion.
However, in vivo, in the presence of the knee extensor mechanism,
the observed anterior translation in the KneeReviver will likely
reduce considerably which may mitigate this. Furthermore, as the
optimal mechanical environment for cartilage regeneration is not
fully understood, it is not possible to draw definite conclusions
regarding this.

CriNicAL RELEVANCE AND CONCLUSION

According to the available literature, biplanar devices have
demonstrated encouraging clinical outcomes following joint
distraction for OA of the knee.!”2%2° Therefore, it would appear that
the mechanical environment produced by the device is adequate for
the purposes of cartilage regeneration, or at the very least clinical
improvement, by joint distraction.'*2%3940 Circular frames have not
previously been tested in KJD but have been used in distraction for
other purposes, for example, osteogenesis, for decades with good
outcomes.*"*3 Gross mechanical performance of the devices was
similar, with no significant difference in overall rigidity. Whilst subtle
differences between the devices were observed, the mechanisms
involved in KJD have not been elucidated and the optimal
mechanical environment is not understood. Based upon basic
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principles, however, these differences would appear favourable to
the circular frame devices. In conclusion, this study suggests that
the circular frame as applied is likely to provide a similar mechanical
environment to the KneeReviver device and is potentially a viable
option for KJD. These results will need to be confirmed in a clinical
setting. Further research to determine the effect of soft tissue
constraints in cadaveric models also appears warranted alongside
invivo studies to determine the optimum mechanical environment
for cartilage regeneration.
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