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Robotic Testing of Proximal Tibio-Fibular Joint Kinematics for
Measuring Instability following Total Knee Arthroplasty

Wael K. Barsoum,'2 Ho H. Lee,' Trevor G. Murray,' Robb Colbrunn,? Alison K. Klika," Robert S. Butler,> Antonie ). van den

Bogert?

'Depanment of Orthopaedic Surgery — A41, Cleveland Clinic, 9500 Euclid Avenue, Cleveland, Ohio 44195, 2Department of Biomedical Engi-
neering, Cleveland Clinic, Cleveland, Ohio, 3Departmenl of Quantitative Health Sciences, Cleveland Clinic, Cleveland, Ohio

Total knee replacement is one of the most efficacious
interventions available for the improvement of general
health-related quality of life. This success has made
the procedure one of the fastest growing practices in
the United States with estimates of growth approach-
ing 600% by the year 2030.! Recently, more attention
has focused on the failures of total knee replacement
with great concentration on improving joint kinematics,
range of motion, and function and quality of life.2

A higher percentage of arthroplasty patients describe
significant limitations in function compared to age- and
gender-matched peers.® Pain and instability in total
knee arthroplasty (TKA) have been shown to be major
causes of early failure.>* One cause of what has pre-
viously been described as “unexplained pain” is now
believed to be pain secondary to instability of the TKA.56
Instability may generate abnormal mechanical stress
in the anatomic tissues potentially causing pain and
also requires muscles and tendons to dynamically stabi-
lize a knee that is not able to be statically stabilized
through proper tension throughout the arc of motion
in the periarticular soft tissues. Here we focus on the
effect of instability in TKA on the proximal tibio-fibular
joint (PTFJ) and introduce a surrogate model to quantify
instability in TKA.

The PTFJ is an articulation located in the pos-
terolateral corner of the knee which serves as the
attachment site for many structures that function in
stabilizing the joint. These structures include the lat-
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eral collateral ligament, the fabellofemoral ligament,
the arcuate ligament, the popliteofibular ligament, the
popliteus muscle, and the biceps femoris tendon inser-
tion. Lambert” suggested that the fibula may be a
channel for dissipation of torsional stresses in the ankle.
We believe that the fibula has a similar role in the knee
joint, acting as a shock absorber for excessive stresses
and playing an integral role in maintaining stability
through its soft tissue attachments.

Previous studies of the PTFJ have focused little
attention on its role in overall knee joint mechanics.
We have studied the motion of the fibula in relation
to the tibia in the native knee using a manual loading
system.® In this study, several millimeters of transla-
tional motion (1-3 mm) were observed mainly during
rotational and varus loading, corresponding to common
physiologic motions (i.e., gait, stair climbing).® These
anteroposterior movements observed were large consid-
ering the relatively small size of the PTFJ (<10 mm)
and may account for substantial soft tissue strain in the
surrounding tissues ultimately resulting in pain.

The objective of this study was to use robotic testing
to define the biomechanics of the PTFJ in the native
knee, and compared it with the motion of the PTFJ in an
appropriately balanced TKA and unbalanced TKA. We
hypothesize that normal motion of the fibula in relation
to the tibia is a reproducible finding in properly balanced
TKA when compared to the native knee, but abnormal
kinematics would be found in an improperly balanced
TKA.

METHODS
Five fresh frozen serologically tested cadaveric lower limb
specimens (mid femur to ankle) were tested with knee and
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Figure 1. Specimen mounted to robotic manipulator.

syndesmosis intact. The specimens were thawed overnight
and underwent testing the following morning. The tibia was
mounted vertically to a custom-designed fixator with three
bicortical cannulated bone screws and then fixed to a six degree
of freedom force/torque sensor (SI-1500-240, ATI Industrial
Automation, Apex, NC) mounted rigidly to a crossbeam. The
femur was cut 10 cm proximal to the joint line, potted in Woods
metal, and placed in a custom mount on a robotic manip-
ulator (Rotopod R2000, Parallel Robotics System, Hampton,
NH; Fig. 1). Two markers were implanted on the tibia and
head of the fibula at the PTFJ and motion was recorded using
two high-resolution digital camera systems similar to what
we have described in a previous publication® (Scorpion IEEE-
1394, Point Grey Research, Inc., Vancouver, BC).

A knee joint coordinate system was established using a
MicroScribe coordinate measuring machine (Immersion Cor-
poration, San Jose, CA). After establishing a neutral position
(position of knee with 0 forces or moments) at each of three
flexion angles (0°, 30°, 60°), loading conditions were applied:
internal/external rotation (0 Nm, +5 Nm), varus/valgus (0 Nm,
+10Nm), compression (100N, 700 N), and posterior drawer
(ON, 100 N), resulting in 108 test combinations of loading con-
ditions. Three-dimensional forces were load controlled using
proportional-integral-derivative control of the robot motion
to achieve force target while recording changes in the knee
kinematics.

Specimens were initially tested in their native state. A
medial parapatellar arthrotomy was performed and anatom-
ically repaired to control for its possible effects on subsequent
testing of specimens following TKA. The specimens were taken
through an initial run of the protocol prior to data collection,
to allow for tissue creep. Specimens were frequently sprayed
with saline solution to help preserve soft tissue integrity.

A TKA was then performed on each specimen by an
orthopedic surgeon using a Triathlon total knee (Stryker
Orthopaedics, Mahwah, NdJ). A tensiometer was used to
achieve a well-balanced knee. In order to allow for subsequent

decreases in polyethylene thickness to test an increasing pat-
tern of TKA instability, the tibia was resected until a 13-mm
polyethylene insert (at a minimum) was needed to appro-
priately balance the knee. The epicondylar axis was used
to establish appropriate femoral component rotation. Compo-
nents were cemented in the usual fashion and the patella was
not resurfaced. All surgeries were performed by the same sur-
geon (HHL).

Once implanted, the specimens were tested in one of the
three states, well balanced and two conditions of varying lax-
ity created by sequential 2-3 mm reductions in polyethylene
thickness. Testing was carried out in a randomly selected order
to minimize any bias from order effects.

The video data were digitized and transformed using
custom software and the image analysis toolbox from MAT-
LAB (The MathWorks, Natick, MA). These data measure the
anterior—posterior (A-P) and medial-lateral (M—-L) displace-
ment of the fibular head relative to the tibia. Statistical
analysis was performed using stepwise regression methods
(forward selection with replacement). The experimental design
used to define the tests performed on the specimens permit-
ted the investigation of main and curvilinear effects of loading
variables and implant conditions, as well as all linear and
curvilinear two-factor interactions. All analyses were done
using SAS version 9.2 software.

RESULTS

Data for each specimen were plotted and analyzed
visually for stability based on scatter. As a result of
this analysis dummy variables to account for ordinary
specimen-to-specimen differences were included in the
analysis. Variables found to have a significant corre-
lation (p <0.05) with PTFJ motion are summarized
in Supplementary Appendix 1. While specimen-to-
specimen differences were statistically significant their
inclusion in the model served only to reduce the resid-
ual error of the final model. Since the same effects
were significant with or without the effect of specimen
differences, the final models were built without includ-
ing terms (dummy variables) to account for specimen
effects.

Stepwise multiple regression models for anterior and
superior motion of the PTFJ are detailed in Supplemen-
tary Appendices 2 and 3, respectively. Cells highlighted
in yellow indicate the variables with the most influ-
ence on displacement for a unit change in the respective
value. With respect to anterior displacement, exter-
nal rotation had the largest effect on motion. Figure
2 illustrates the effect of flexion and external rotation
on anterior displacement, while holding constant the
other variables (i.e., varus moment=0Nm; compres-
sion =700 N; posterior drawer =100N). Over a 1-mm
decrease in motion was measured in all four conditions
as external rotation changed from 5 Nm to —5 Nm. The
pattern revealed by the posterior motion (i.e., <0) is
most pronounced in both unbalanced TKA conditions
(Fig. 2C,D). If external rotation is held constant (at
5Nm), the effect of flexion and varus moment on anterior
motion is observed as shown in Figure 3. The thickness
of the polyethylene (i.e., condition) as well as the interac-
tion between polyethylene thickness and varus moment
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Figure 2. Effect of flexion and external rotation on anterior motion for (A) native knee, (B) balanced TKA, (C) loose condition TKA, and
(D) loosest condition TKA. Other variables held constant (varus moment =0 Nm; compression = 700 N; posterior drawer = 100 N).

consistently show substantial effect on anterior motion
(Fig. 3; Supplementary Appendix 2).

Figure 4 highlights the effect of flexion and external
rotation on superior displacement, while holding con-
stant the other variables (i.e., varus moment =0 Nm;
compression =700 N; posterior drawer=100N). Infe-
rior motion (i.e., <0) was rarely observed in the
native (Fig. 4A) and balanced TKA specimens (Fig.
4B), while this motion increased as polyethylene thick-
ness decreased (Fig. 4C,D). Superior displacement was

most affected by posterior drawer, with greater motion
observed under 100 N (Supplementary Appendix 3).
Results of the simulated weight bearing (700 Nm
compression) showed that motion was dampened when
compared with the 100 Nm loading condition. More fibu-
lar motion was observed when torque was applied in
external rotation in all conditions. Posterior displace-
ment of the fibular head was often seen in unbalanced
knees, but never in the native or balanced knee. Motion
at the PTFJ, as measured by a marker in the fibular
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Figure 3. Effect of flexion and varus moment on anterior motion for (A) native knee, (B) balanced TKA, (C) loose condition TKA, and
(D) loosest condition TKA. Other variables held constant (varus moment =5 Nm; compression = 700 N; posterior drawer =100 N).

head relative to the tibia, was affected by polyethylene
thickness, but not equally at all flexion angles. Unbal-
anced knees consistently demonstrated greater motion
at the PTFJ than appropriately balanced knees.

DISCUSSION

Failures of TKA have an annual cost of $1.5 billion dol-
lars in the Unites States alone.? Additionally, the cost
of both physical and mental suffering for patients who
have the procedure is unquantifiable and represents

an average indirect cost (i.e., lost labor/productivity) of
US $10,500.1° These failures can be divided into three
main categories; iatrogenic causes, such as malalign-
ment, extensor mechanism disruption, etc.; the second
category is infection while the third would be inadequate
prosthetic design. Instability and abnormal kinematics
are most commonly affected by the first and third of
these categories. With improved designs attempting to
more appropriately mimic tibio-femoral motion, we may
expect to see improved function. Additionally, with more


http:10,500.10

A B

DSUP vs. Extrotation Moment and Flexion

DSUP vs. Extrotation Moment and Flexion
Condition = Hative, Varus Moment =0, Disuaction Force = -700. Anterios Force =100

Condition = Balanced, Varus Moment = 0, Distraction Force = .700, Anterior Force = .100

4Nea
4nsa

<03
<02
Il <0.

C D

DSUP vs. Extrotation Moment and Flexion
Condition = Loose, Varus Moment = 0. Distiaction Force = -700, Antetior Force =100

DSUP vs. Extrotation Moment and Flexion
Condition = Loos est, Varus Moment =0, Distaction Force = 700, Antetior Force= 100

ans

3 % \ i T -
WS A o
= e \‘\. = E < g%
<
“ Cd<0

I <03
<02
<01
<0

B <-01

Figure 4. Effect of flexion and external rotation on superior motion for (A) native knee, (B) balanced TKA, (C) loose condition TKA, and
(D) loosest condition TKA. Other variables held constant (varus moment =0 Nm; compression = 700 N; posterior drawer = 100 N).

knowledge of soft tissue balancing, our hope is to see a
reduction in iatrogenic instability. With a reproducible,
validated model of knee instability, we may lay a foun-
dation to better understand the causes of instability and
present a platform for better implant designs.

Flexion and mid-flexion instability in TKA have
been difficult to quantify. Abnormal kinematics have
been linked to pain and the need for revision. While
tibio-femoral kinematics is the main aspect of TKA per-

formance, the effects on adjacent tissues should not be
overlooked. The PTFJ is the site of insertion for several
important anatomic structures and experiences signif-
icant mechanical forces during daily activities.!! Here
we have shown that PTFJ kinematics are affected by the
balancing of the TKA. Our data illustrate that motion is
changed not only quantitatively but also qualitatively
resulting in pathologic motion relative to the native
knee.
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There are several novel attributes to the testing.
First, this cadaveric model allowed for any combined
3D force and moment loading of the joint, including
compression to simulate weight bearing. Second, we col-
lected data on motion of an understudied joint in both
the A-P and M-L planes in total knee replacement
building off of the pilot work we have completed with
native knees. Finally, we believe that this may serve
as the foundation for better quantifying instability and
serves as a model to examine knee kinematics.

Recent efforts to improve patient function and sat-
isfaction have focused on both knee design as well as
surgical approaches with the goal being quicker recov-
ery and TKAs with more normal kinematics. We believe
that we have succeeded in creating a reproducible model
of motion of the PTFJ after TKA. It is our hope that this
model will provide the basis for future studies on the
quantification of instability in TKA. This model may aid
in the understanding of pain following TKA and may be
used in the design of more anatomic kinematics in total
knee prosthetics.
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