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Abstract

High tibial osteotomy (HTO) is a more conservative surgical procedure than is total knee
replacement for treating medial compartment knee joint osteoarthritis (OA). Following HTO
surgery, patients with a low peak knee adduction torque during gait tend to have better long term
clinical outcomes. This study evaluates gait modifications as an alternative to HTO surgery for
achieving clinically significant reductions in the peak knee adduction torque. Inverse dynamic
optimizations of a patient-specific full-body gait model were used to predict modified gait
motions that minimized the peak adduction torque subject to several reality constraints. The
specific influence of toe out angle (0, 15, and 30°) and stance width (0, 5, and 10 cm) were
investigated by systematically varying the nominal foot path (15° toe out, 5 cm stance width).
The optimizations predicted significant adduction torque reductions (85% with large control
torque changes and 45% with small changes) that were relatively insensitive to foot path
changes. These reductions were achieved by kinematic changes that drove the knee medially
along with kinetic changes that shifted the center of pressure laterally. The largest kinematic
changes involved moving the hip forward and downward by modifying pelvis axial and frontal
plane rotation. These results suggest that gait modifications may have a significant influence on
the peak knee adduction torque. Experimental evaluation is needed to determine the extent to

which the predicted gait motions can reduce the knee adduction torque in clinical practice.
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Introduction

Several surgical options exist for treating knee joint osteoarthritis (OA). Total knee replacement
(TKR) is currently the most common surgical option followed by unicondylar knee replacement
(UKR) (Praemer et al., 1999; Laskin, 2001). High tibial osteotomy (HTO) is a more conservative
surgical option, though in the United States this procedure is used less frequently than TKR and
UKR. For medial compartment knee OA, the goal of HTO surgery is to off-load the diseased
medial compartment by shifting the mechanical axis of the leg (i.e., hip center to ankle center)
toward the healthy lateral compartment. The shift is achieved by cutting the tibia and realigning
it in a more valgus orientation, ideally producing a significant post-surgery reduction in the peak
knee adduction torque during gait. This internal reaction torque acting on the tibia is calculated
by treating the lower leg as a free body in an inverse dynamics analysis. It is correlated with the
medial compartment contact force and primarily counteracts the moment about the knee center
of a medially-directed ground reaction force vector (Andriacchi, 1993; Andriacchi, 1994).
Patients who achieve a low (less than about 2.5% body weight x height) peak knee adduction
torque following HTO surgery tend to have better long term clinical outcomes (Prodromos et al.,
1985).

In addition to HTO surgery, gait modifications may also have a significant influence on the
peak knee adduction torque. It has been suggested that a decreased stride length along with
toeing out (i.e., external rotation of the foot) may decrease the peak knee adduction torque
(Andriacchi, 1994). Toeing out during stance phase can shift the center of pressure laterally,
decreasing the moment arm about the knee center of the ground reaction force vector. Reducing
stance width may also lower the peak adduction torque by bringing the knee center closer to the
vertical projection of the body’s center of mass.

This study evaluates gait modifications as an alternative to surgery for treating medial



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Revision 1 3

compartment knee OA. The specific goal was to predict the extent to which movement
modifications combined with foot path changes (i.e., changes in toe out angle and stance width)
can reduce the peak knee adduction torque during gait. The predictions were developed using
inverse dynamic optimization of a three-dimensional, 27 degree-of-freedom (DOF), full-body
gait model tuned to gait data collected from a single knee OA patient. The optimizations
minimized the peak knee adduction torque subject to several reality constraints and predicted

novel yet realistic gait motions for which no experimental data were available.

Materials and Methods
Experimental data collection

Gait data were collected from a single highly functional knee OA patient (male, age 39 years,
height 170 cm, mass 70 kg, alignment 5° varus with grade 2 medial osteoarthritis in both knees
based on radiographic assessment). The subject gave informed consent and walked at a speed of
approximately 1 m/sec (Hurwitz et al., 2002). Surface marker data from the Cleveland Clinic
marker set with addition markers on the feet were collected at 180 Hz using a HiRes Expert
Vision video-based motion analysis system (Motion Analysis Corporation, Santa Rosa, CA).
Individual markers were located on both wrists, elbows, and shoulders, with three markers per
segment placed on the pelvis and each thigh, shank, and foot (Reinbolt ez al., 2005). A static trial
was performed to define segment coordinate systems and marker locations within those
coordinate systems. Dynamic isolated joint trials were performed to exercise the primary
functional axes of each lower extremity joint for determining joint positions and orientations in
the segment coordinate systems (Reinbolt ef al., 2005). For the gait trials, ground reaction forces
and torques under each foot were measured at 1000 Hz about the electrical centers of two force

plates (Advanced Mechanical Technology, Inc., Watertown, MA). The raw data were filtered
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using a fourth-order, zero phase-shift, low-pass Butterworth Filter with a cutoff frequency of 6
Hz. The data collection and subsequent computer simulations were approved by the institutional
review board.

One complete gait cycle (left heel strike to left heel strike) with clean surface marker and
ground reaction data was selected as the nominal data set for use in the optimization study. Due
to the limitation of only two force places, no ground reaction data were available for the right leg
at the start of the cycle (i.e., the right leg was in contact with the ground, but not on a force plate,
at initial left heel strike). Consequently, the subsequent optimization studies focused on
minimizing the peak knee adduction torque only in the left leg, which had a complete cycle of

ground reaction data available.

Dynamic gait model development

A parametric, three-dimensional dynamic gait model was developed using two separate
software packages. The first was Autolev (Online Dynamics, Inc., Sunnyvale, CA), a symbolic
manipulator for deriving dynamical equations, and the second was Software for Interactive
Musculoskeletal Modeling (SIMM) with the Dynamics Pipeline (Motion Analysis Corporation,
Santa Rosa, CA). The Autolev model provided direct access to the symbolic form of the
equations of motion, making it well-suited for fine tuning model parameters (i.e., joint
parameters and body segment parameters) to the nominal gait data. In contrast, the
SIMM/Pipeline model provided a well-structured dynamic simulation environment along with
the ability to visualize the predicted motions and ground reaction force vectors using a skeletal
model scaled to match the subject’s dimensions. Having two versions of the same dynamic
model also permitted validation of the inverse dynamic analyses used in the optimization studies.

The gait model possesses 27 degrees of freedom (DOFs) composed of gimbal (3 DOFs),



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Revision 1 5

universal (2 DOFs), and pin (1 DOF) joints (Fig. 1). Similar to Anderson and Pandy’s (2001)
model structure, 3 translational and 3 rotational DOFs define the position and orientation of the
pelvis in the laboratory reference frame. For the lower-body joints, each hip is modeled as a
gimbal joint, each knee as a pin joint, and each ankle as two non-intersecting and non-orthogonal
pin joints. For the upper body, the back is modeled is a gimbal joint, each shoulder as a universal
joint, and each elbow as a pin joint. The axes of each segment coordinate system were assumed
to coincide with the central principal axes of the segment (Anderson and Pandy, 1999). In lieu of
a ground contact model utilizing springs and dampers (Anderson and Pandy, 1999; Neptune et
al., 2001), the ground reaction forces and torques calculated using the force plate electrical
centers were treated as unknowns to be determined during periods when the foot was known to
be in contact with the ground (Popovi¢, 1999). This approach also eliminated the need for a toes
segment in each foot model.

Inverse dynamic analyses were performed using the state-space form of the equations of
motion from both full-body gait models. Consequently, 27 control forces and torques were
calculated from the 27 equations of motion and the experimentally determined joint kinematics
and ground reaction quantities. The forces and torques calculated by the two models were
identical to within round-off error, providing a check on the equations of motion. The left knee
adduction torque was calculated as an internal reaction torque about an axis directed anteriorly
and located at the origin of the tibial coordinate system (i.e., midpoint between the femoral
epicondyles). External forces and torques acting on the pelvis were calculated from the 6 DOF
joint between the ground and pelvis. Since no external loads act on the pelvis in real life, non-
zero external force or torque components at any time frame represent error in the model and/or

experimental data.
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Dynamic model parameter tuning

Joint and body segment parameters in the model were tuned to match the nominal gait data as
closely as possible. Tuning was performed using the Levenberg-Marquardt nonlinear least
squares optimization algorithm in Matlab (The Mathworks, Natick, MA) along with an Autolev
version of the equations of motion that included the locations of the surface markers in the
segment coordinate systems. The cost function simultaneously minimized errors between model
and experimental marker locations in the laboratory reference frame, external pelvis forces and
torques, and changes in body segment parameters away from their initial values.

The design variables were joint parameters (i.e., joint positions and orientations in the
segment coordinate systems) for joints that underwent large (> 25°) rotations (Cheéze et al.,
1998), all body segment parameters (i.e., masses, mass centers, and moments of inertia), and
polynomial and Fourier coefficients defining the trajectory of each joint translation and rotation.
Initial values for all joint parameters (hip, knee, and ankle on each side) were calculated from
two-level optimization of the isolated joint trial data (Reinbolt et al., 2005), while initial values
for all body segment parameters were calculated from de Leva (1996).

Each optimizer function evaluation involved an inverse dynamic analysis performed with the
SIMM/Pipeline version of the model over all time frames for which experimentally measured
ground reaction forces and torques were available (or known to be zero) for both feet. To reach
the optimal solution, joint and body segment parameters required relatively small changes, at
most 0.006 m for joint positions, 3.9° for joint orientations, 0.44 kg for segment masses, 0.055 m
for segment mass centers, and 0.021 kg m” for segment inertias. The resulting root-mean-square
(RMS) errors were 0.019 m in surface marker positions and 3.6 N and 2.8 Nm in external pelvis
forces and torques, respectively. For the initial time frames when no ground reaction data were

available for the right foot, another version of the Autolev model was used to calculate the right
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ground reactions from the left ones using the optimized model parameters and motion. These
estimated ground reactions were used in the subsequent movement optimizations to provide

known ground reactions under both feet over the entire gait cycle.

Inverse dynamic movement prediction

Though most dynamic optimization studies perform forward dynamic simulations to predict
novel motions, this study used inverse dynamic analyses for the same purpose. While forward
dynamic optimizations vary the input loads and predict the corresponding motions, inverse
dynamic optimizations can vary the input motions and predict the corresponding loads (Nagurka
and Yen, 1990). Either way, novel motions and loads are predicted at the end of the optimization.
The primary advantages of the inverse approach are that it eliminates stability problems due to
lack of appropriate feedback control and replaces numerical integration of differential equations
with repeated algebraic solution of linear equations. These advantages can make the inverse
approach significantly faster and more robust computationally than the forward approach.

Motion and ground reaction curves were parameterized as a function of time using a
combination of polynomial and Fourier terms (Nagurka and Yen, 1990). The associated
coefficients served as design variables in subsequent movement optimizations. To match the
nominal experimental data accurately, a cubic polynomial with 8 Fourier harmonics (i.e., 20
coefficients) was found to be adequate. For this choice, RMS errors between experimental and
fitted curves were 0.0257 cm for joint translations, 0.173° for joint rotations, 4.13 N for ground
reaction forces, and 0.750 Nm for ground reaction torques. Differentiating the parameterized
motion curves twice produced non-periodic joint velocities and accelerations for inverse
dynamic calculations. For the movement optimizations, the following motion and ground

reaction curves were parameterized and allowed to vary: pelvis superior/inferior translation, all
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back, pelvis, hip, knee, and ankle rotations, and all ground reaction torques (25 curves in all for a
total of 500 design variables). Ground reaction torques were set to zero for time frames when the
foot was known to be off the floor. Shoulder and elbow rotations and pelvis horizontal
translations were prescribed to match the experimental data, as were all ground reaction forces.
Using these design variables, inverse dynamic optimizations with Matlab’s Levenberg-
Marquardt nonlinear least squares algorithm were performed to predict novel gait motions. The
cost function (Eq. 1) minimized the left knee adduction torque subject to several reality

constraints implemented via a penalty method:

100

3 2 6
. 2 2 2
min Z TLAdd + WKinematic|: (AqTrunk )fj + Z( (AqFout )fsj J] +
f=1 Jj=1 1
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where
fis the time frame
Jj is the translational or rotational joint axis number
s 1s side
Weinematic = 4> Wiineie = 4> and w,, =400 are weight factors
T, ,.. 1s the left knee adduction torque
Aq;,... 15 the change in trunk x, y or z rotation away from its nominal value measured with
respect to the lab frame (these quantities are not DOFs in the model)
Aq.,, 1s the change in foot x, y or z translation or rotation away from its nominal value

measured with respect to the lab frame (these quantities are not DOFs in the model)
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AT,

s 18 the change in external pelvis x, y or z force or torque away from its nominal value

(close to zero) expressed in the lab frame
ATy, is the change in hip flexion/extension, abduction/adduction, or inertial/external rotation
torque away from its nominal value

AT,

Knee

is the change in knee flexion/extension torque away from its nominal value

AT,,,. 1s the change in ankle flexion/extension or inversion/eversion torque away from its

nominal value

ec,p 18 the error in the center of pressure x or z location beyond the outer edge of the foot
The soft constraints in the cost function (i.e., the terms with weight factors) force the model to
follow the prescribed path of each foot, follow the experimental trunk orientation, eliminate
external forces and torques on pelvis, and keep the center of pressure under each foot. The
specific values of the weight factors were determined by trial and error such that errors in the
tracked quantities were qualitatively small.

Two sets of gait optimizations were performed to evaluate the effect of foot placement on the
peak knee adduction torque. The first set allowed the leg control torques to change without limit

AT,

Knee >

(ie., AT,

- and AT, ,,, were removed from Eq. (1)), henceforth referred to as the set
“without control torque tracking”, while the second set minimized the difference between the
experimental and optimized leg control torques, henceforth referred to as the set “with control
torque tracking.” The second set essentially imposes a similar control strategy on the muscles.
Five cases were run within each set to evaluate various combinations of toeing out and stance
width (Table 1), where the combinations were chosen to create a realistic envelope around the
nominal toe out angle (about 15°) and stance width (about 5 cm). For each combination, a new

path was generated for each foot to follow by modifying the nominal foot path accordingly. Time

histories for the nominal foot position and orientation were calculated with respect to a
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laboratory-fixed coordinate system aligned with the direction of pelvis progression. Changes in
stance width and toe out were achieved by generating a new desired foot path with respect to this
laboratory-fixed coordinate system and then minimizing foot path errors resulting from the
predicted time histories of the pelvis, hip, knee, and ankle motions. Knowing when each foot was
on the ground made it possible to eliminate a ground contact model from the analysis and instead
treat the ground reaction forces (if desired) and torques as additional unknowns to be determined
by the optimizer. Despite the use of 500 design variables, each optimization required only two
hours of CPU time on a 3.4 GHz Pentium 4 workstation, significantly less time than three-
dimensional full-body gait optimizations utilizing forward dynamic simulations (Anderson and

Pandy, 2001).

Results

Both sets of optimizations predicted realistic gait motions (Fig. 2) with significant reductions
in the peak knee adduction torque during left leg stance. On average, the two peak values were
reduced by 85 to 89% without control torque tracking (Fig. 2, left plot) and 45 to 52% with it
(Fig. 3, right plot). These reductions were produced by similar changes in gait kinematics and
kinetics, with modifications to toe out angle and stance width having a much smaller effect on
the peak adduction torque. Only small changes in the ground reaction torques (not shown) were
required to keep the center of pressure under each foot. The primary difference between the two
sets of optimization results was that control torque tracking resulted in smaller kinematic and
kinetic changes relative to the nominal experimental data.

The optimizations predicted kinematic changes that drove left knee inward, causing the
ground reaction force vector to pass more laterally to the knee center than in the experimental

situation. When control torques were not tracked, hip flexion, knee flexion, and ankle
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dorsiflexion increased during stance phase (Fig. 4, left column). Hip external rotation (not
shown) increased with toe out and decreased with toe in. Over the same time period, pelvis axial
rotation increased (more negative) while pelvis frontal rotation decreased (less negative) (Fig. 5,
left column), moving the left hip forward and downward. When control torques were tracked,
similar trends were observed but with decreased amplitude. The primary exceptions were knee
flexion (Fig. 4, right column) and pelvis axial rotation (Fig. 5, right column), which were
influenced more strongly by toe out angle than be stance width. Increasing the toe out angle to
30° decreased knee flexion by 5° during stance phase while decreasing the toe out angle to 0°
increased knee flexion by the same amount. Similarly, while greater toe out increased pelvis
axial rotation by up to 15°, less toe out decreased pelvis axial rotation by as much as 13°.

These kinematic changes were produced by a common set of kinetic changes that included a
lateral shift in the center of pressure under the foot. Without control torque tracking, knee flexion
and ankle inversion torque increased (Fig. 6, left column). At the hip, internal rotation torque
increased (more positive) while abduction torque decreased (less negative) (Fig. 7, left column).
Changes were again similar but with decreased amplitude when control torque tracking was
added (Figs. 6 & 7, right columns) with the following exceptions. The predicted increases in
knee flexion and ankle inversion torque were significantly smaller with control torque tracking
than without it (Fig. 6, compare left and right columns). Also, hip internal rotation torque (Fig. 7,
left column) decreased (more negative) rather than increased during stance phase. Kinematic and
kinetic changes predicted at other joints were either less prominent or not well correlated to

changes in toe out angle or stance width.
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DISCUSSION

This study used optimization of a dynamic, patient-specific model to predict three-
dimensional gait modifications that would reduce the peak knee adduction torque. Two sets of
optimization results were generated — one where leg control torques changed without limit, and
another where control torques tracked their experimental values. By minimizing the peak knee
adduction torque subject to several reality constructions, the optimizations predicted significant
(between 45% and 89% in both peaks) adduction torque reductions. These decreases where
achieved primarily through changes in gait kinematics and kinetics rather than through changes
in foot path (i.e., toe out angle and stance width). The specific movement strategy predicted by
the optimizations was to medialize the knee by bringing it under the center of mass of the body
while shifting the center of pressure laterally under the foot. Though knee medialization was
achieved by a number of subtle kinematic changes, the largest ones involved moving the hip
forward and downward by modifying pelvis axial and frontal plane rotation. The extent to which
this strategy reduced the adduction torque depended on the amount of knee flexion during stance
phase, with more flexion producing larger reductions. These kinematic changes were facilitated
primarily by increased knee extension and ankle inversion torque. With control torque tracking,
these increases were small and so would likely be achievable by muscles. In contrast, the large
increases that occurred when control torque changes were unlimited would not be achievable by
muscles. If the predicted gait modifications with control torque tracking can be implemented in
clinical practice, they may help define new rehabilitation strategies for knee OA patients either
apart from or in conjunction with HTO surgery.

Modeling the knee joint as a simple pin joint was the most significant assumption affecting
the predicted adduction torque reductions. Our best-fit pin joint knee model matches the average

values of knee adduction-abduction and internal-external rotation produced by the patient during
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gait. To evaluate how changeable adduction-abduction and internal-external rotation would
affect the predictions, we developed a modified version of our full-body gait model where each
knee was modeled as a gimbal joint possessing three rotational DOFs. Using the original cost
function and the nominal foot path, optimizations performed with the modified model were able
to drive the knee adduction torque close to zero throughout stance phase. With control torque
tracking, this reduction was achieved primarily through an increase in valgus angulation, similar
to a high tibial osteotomy. Without control torque tracking, a larger reduction was achieved using
a smaller increase in valgus angulation along with added tibial external rotation. In both
optimizations, the reduction was achieved by driving the knee medially below the center of mass
of the body, which was easier to achieve than with the original model. Thus, use of a pin joint
knee model limits the extent to which the adduction torque can be reduced, thereby providing an
approximate upper bound on the reductions one might hope to achieve in clinical practice.

The rationale for the selected hip, knee, and ankle joint models was based on three criteria.
First, each joint model must account for the primary motions of the corresponding anatomic
joint. This criterion meant that the hip must have at least 3 DOFs (flexion-extension, adduction-
abduction, and internal-external rotation), the knee must have at least 1 DOF (flexion-extension;
Dyrby and Andriacchi, 2004), and the ankle must have at least 2 DOFs (flexion-extension and
inversion-eversion; Inman, 1976; Bogert et al., 1994). Second, the parameters defining the
position and orientation of each joint in the proximal and distal segments must be tunable to
movement data collected from the patient (Reinbolt e al., 2005). Third, each joint must be free
to rotate without imposing limits on the range of motion using constraints or springs, since it
would be difficult to determine accurate limits on secondary joint motions that matched the
patient’s movement data over the entire gait cycle. This criterion was the primary reason that

adduction-abduction and internal-external rotation were not modeled at the knee.
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The small influence of foot progression angle on the adduction torque has several possible
explanations. Compared to the two cases with 0° toe out angle (Cases 4 and 5 in Table 1), all the
cases with a toe out angle of 15 or 30° (Cases 1, 2, and 3 in Table 1) reduced the second peak in
the adduction torque curve by between 0.1 to 0.65 Bw*Ht. These predictions are consistent with
the experimental observation that toeing out primarily affects the second peak (Hurwitz et al.,
2002). Furthermore, the predicted lateral shift in the center of pressure (see Figure 1) may be
undesirable or difficult to achieve in real life. If the path of the center of pressure had been
limited to the central region of the foot, then a small amount of additional toe out would have
been required to produce the same adduction torque reductions. As shown by the optimization
results with a 3 DOF knee joint model, lack of tibial external rotation may have also limited the
extent to which toeing out could reduce the adduction torque in the model. Finally, toeing out
may only have a large influence on the peak adduction torque when the torque is large.

An intriguing implication of the study is that it may be possible for gait modifications to
reduce the peak knee adduction torque by as much as HTO surgery. The 45 to 52% reductions
predicted in our study when the leg control torques tracked their experimental values can be
compared to an average reduction of 34% reported by Prodromos et al. (1985) for 25 patients
following HTO surgery. However, even if the gait patterns predicted in our study could be
achieved, knee OA patients would need to train themselves to follow a modified gait pattern
subconsciously. Furthermore, the knee experiences significant adduction loads during other tasks
such as stair climbing (Andriacchi ef al., 1980). A similar strategy of driving the knee medially
may work for these tasks as well, though knee extensor strength may be a limiting factor,
especially for knee OA patients with quadriceps avoidance (Andriacchi, 1993; Herzog et al.,

2003). At a minimum, the proposed gait modifications could prove valuable for reducing the
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incidence of loss of osseous correction over time following HTO surgery (Wang et al., 1990;
Magyar et al., 1999).

Another important limitation of the study was the number of reality constraints required to
predict modified gait motions. When some of the reality constraints were removed, the optimizer
predicted three additional gait motions that reduced the peak adduction torque almost to zero.
When the ground reaction force curves were allowed to vary, the optimizer predicted an “ice
walk” where the medial-lateral component of ground reaction force was close to zero, causing
the ground reaction force vector to pass through the center of the knee. When constraints on the
pelvis horizontal translations were removed, the optimizer predicted a “hula walk” where the
pelvis swung laterally like in a hula dance, bringing the center of mass of the body directly over
the left knee. Finally, when the toe out angle and stance width were allowed to vary during an
optimization, the optimizer predicted a “supermodel walk” where the legs crossed in front of
each other, moving the left knee under the body’s center of mass. Though these modified gait
motions produced a near zero peak knee adduction torque, they would be difficult to maintain as
a normal walking pattern. Thus, the imposed reality constraints were selected to predict gait
motions that both reduced the peak knee adduction torque and looked like normal gait during
animation.

A final important limitation was that all results were generated from a single knee OA patient
whose experimental data showed a peak knee adduction torque classified as normal (3% body
weight x height; Prodromos et al., 1985). This limitation was due to the extensive amount of
work required to develop the computational infrastructure for tuning joint and inertial parameters
in the full-body model to the patient’s gait data. Though the sensitivity of the predicted adduction
torque reductions to different amounts of varus malalignment in different patients is unknown,

the movement modifications predicted by the optimizations suggest general mechanics principles
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that may be applicable to any patient. Furthermore, with the existing computational
infrastructure, a similar modeling approach could be applied to other patients to begin to
investigate the extent to which patient-specific model parameters and movement characteristics
influence the predicted movement modifications. It may eventually be possible to use a similar
patient-specific modeling approach to predict optimal HTO surgical parameters on a patient-
specific basis. However, caution should be exercised in such endeavors to ensure that detrimental
loads are not produced at other joints in the process.

In conclusion, the optimization results presented in this study suggest that minor gait
modifications may have a significant effect on the peak knee adduction torque. Depending on the
reality constraints employed in the problem formulation, the optimizer was able to predict
several very different gait motions, each of which was physically realistic and resulted in large
reductions in the peak knee adduction torque. The predictions are consistent with the hypothesis
that dynamic factors play an important role in determining knee joint loading (Hurwitz et al.,
2002). They also highlight the possible importance of knee extensor muscle strength in reducing
the adduction torque, which may help explain why knee extensor strength training has been
hypothesized to benefit knee OA patients (Talbot et al., 2003). Future experimental studies are
required to determine whether the gait modifications predicted by the optimizations can be
achieved by knee OA patients and lead to clinically significant reductions in the peak knee

adduction torque.
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Figure Captions

Figure 1: Schematic of the 27 degree-of-freedom full-body gait model used to predict novel gait
motions that reduce the peak knee adduction torque. All joints are traditional engineering joints
(gimbal, universal, pin) with the exception of the ground to pelvis joint which possesses 6
degrees of freedom. Parameters defining the locations and orientations of joints in the body
segments and the masses, mass centers, and moments of inertia of the body segments were tuned

to gait data collected from a single knee osteoarthritis patient.

Figure 2: Animations of a) the nominal experimental gait motion, b) the gait motion predicted
without control torque tracking and no change in nominal toe out or stance width, and c) the gait
motion predicted with control torque tracking and no change in nominal toe out or stance width.
The selected time frame is at approximately 18% of the gait cycle following left heel strike, the
location of the first peak in the left knee adduction torque curve. Arrows indicate the line of
action of the ground reaction force vector emanating from the center of pressure under the left

foot.

Figure 3: Left knee abduction/adduction (A/A) torque curves calculated from the nominal
experimental gait data (thick solid line) and predicted by the optimizations (thin solid lines — see
Table 1 for definition of symbols). Adduction is negative. Left column contains optimization
results generated without leg control torque tracking, while right column contains results

generated with control torque tracking.
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Figure 4: Left hip flexion/extension (F/E), knee flexion/extension (F/E), and ankle
dorsiflexion/plantarflexion (D/P) curves calculated from the nominal experimental gait data
(solid line) and predicted by the optimizations (dashed line). Hip flexion, knee flexion, and ankle

dorsiflexion are positive. Thick and thin solid lines are the same as in Fig. 3.

Figure 5: Left pelvis axial and frontal plane rotation curves calculated from the nominal
experimental gait data (solid line) and predicted by the optimizations (dashed line). Axial plane
rotation to the left and frontal plane tilt to the left are positive. Axial rotations are close to -180°
since the subject walked in the approximate —x direction in the lab. Thick and thin solid lines are

the same as in Fig. 3.

Figure 6: Left knee flexion/extension (F/E) and ankle inversion/eversion (I/E) torque curves
calculated from the nominal experimental gait data (solid line) and predicted by the
optimizations (dashed line). Knee flexor torque and ankle inversion torque are positive. Thick

and thin solid lines are the same as in Fig. 3.

Figure 7: Left hip internal/external (I/E) rotation and abduction/adduction (A/A) torque curves
calculated from the nominal experimental gait data (solid line) and predicted by the
optimizations (dashed line). Internal rotation torque and adduction torque are positive. Thick and

thin solid lines are the same as in Fig. 3.
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Table Captions

Table 1. Foot path cases evaluated by the gait optimizations. All values of toe out and stance
width are defined with respect to a laboratory-fixed coordinate system aligned with the direction
of pelvis progression. 0° toe out corresponds to the feet pointing straight ahead, while 0 cm

stance width corresponds to the feet touching each other. Plot symbols refer to Figs. 3 through 7.
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