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Abstract
Objective—Patellar bracing is a mechanical treatment strategy for patellofemoral osteoarthritis
(OA) that aims to unload the lateral compartment of the joint by translating the patella medially.
Our objective was to determine whether a patellar brace can correct patellar kinematics in patients
with patellofemoral OA.

Design—We assessed the effect of a patellar brace on three-dimensional patellar kinematics
(flexion, spin and tilt; proximal, lateral and anterior translation) at sequential, static knee postures,
using a validated MRI-based method, in 19 patients with radiographic lateral patellofemoral OA.
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Differences in kinematics between un-braced and braced conditions were assessed in the unloaded
and loaded knee (15% bodyweight load) using hierarchical linear random-effects models. Random
slope and quadratic terms were included in the model when significant (p<0.05).

Results—Bracing with load caused the patellae to translate 0.46 mm medially (p<0.001), tilt
1.17° medially (p<0.001), spin 0.62° externally (p=0.012) and translate 1.09 mm distally
(p<0.001) and 0.47 mm anteriorly (p<0.001) over the range of knee flexion angles studied.
Bracing also caused the patellae to extend in early angles of knee flexion (p<0.001). The brace
caused similar trends for the unloaded condition, though magnitudes of the changes varied.

Conclusion—Bracing changed patellar kinematics, but these changes did not appear large
enough to be clinically meaningful because no reduction in pain was observed in the parent study.
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Introduction
Knee osteoarthritis (OA) is symptomatic in 12.1% of Americans over 60 years of age1, and
the patellofemoral joint is involved in 50% of all radiographic knee osteoarthritis cases in
either an isolated form or combined with tibiofemoral OA2. Despite the prevalence of
patellofemoral OA, the patellofemoral joint has received relatively little attention in the OA
literature and there are few treatment options for individuals with patellofemoral OA.
Patellar malalignment is associated with radiographic patellofemoral OA progression and
symptoms3 and with magnetic resonance imaging (MRI) measures of cartilage loss and bone
marrow lesions4. It is hypothesized that correcting patellar malalignment using strategies
such as bracing or taping may arrest OA symptoms and progression. Patellar taping has
reduced pain in patients with symptomatic generalized knee OA5,6 and with clinical and
radiographic patellofemoral OA7,8. Taping also reduced lateral patellar tilt and displacement
in the latter group8.

The mechanical aim of a patellofemoral brace is to change patellofemoral kinematics,
specifically to cause a medial translation of the patella thereby unloading the lateral
compartment. Bracing is considered suitable for individuals with lateral patellar tracking,
isolated lateral patellofemoral OA or bi-compartmental patellofemoral OA. Bracing is a
commonly used treatment strategy because of its relatively low cost and ease of
implementation. Further, it does not have some of the limitations of taping including
loosening, skin irritation due to the adhesive and the technical skill requirement for
application. However, it is unclear whether a patellar brace is capable of changing
patellofemoral joint kinematics in subjects with patellofemoral OA.

Patellar kinematics have been assessed in vivo using computed tomography9,10,
fluoroscopy11–13 and MRI14–20. The advantage of MRI-based methods is that no ionizing
radiation is used and therefore kinematics can be assessed longitudinally or under multiple
test conditions. Two-dimensional MRI-based methods have been developed15,18,20,
however, they are limited because patellar tracking is only evaluated in one plane (usually
axial). Three-dimensional patellar kinematics assessments with MRI provide a more
complete description of patellar tracking, including translations and rotations in all three
planes. The range of knee flexion can be studied by measuring patellar position in sequential
static postures of the loaded knee16,17. In these methods, subjects lie supine in the MRI
scanner and load the knee in a simulation of weightbearing by pressing the foot against a
custom designed pedal system. These methods have been used to study individuals with
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knee OA21, ACL injury22 and patellofemoral pain syndrome23,24 but they have not been
applied to a population of individuals with patellofemoral OA.

Although patellar kinematics have not been assessed in the patellofemoral OA population,
the effect of a patellofemoral brace has been assessed in individuals with patellofemoral
pain. One study of two-dimensional patellar kinematics in loaded, sequential static postures
reported that lateral translation was reduced when the brace was applied in subjects with
patellofemoral pain25. In a more recent study of two-dimensional patellar kinematics,
assessed during continuous flexion in weightbearing using an open-bore MRI scanner, the
brace reduced lateral tilt and translation in subjects with patellofemoral pain26. It is not clear
whether the same changes in kinematics observed in the patellofemoral pain population
would also be observed in the patellofemoral OA population with its attendant structural
changes, such as the degeneration of articular cartilage or presence of osteophytes which
may constrain patellar motion. It is also unclear how a patellar brace affects patellar
kinematics in three dimensions. The aim of the current study was to assess the effect of a
patellofemoral brace on three-dimensional patellar kinematics in individuals with
radiographic lateral patellofemoral OA.

Methods
Subjects

Twenty subjects with symptomatic radiographic lateral patellofemoral OA were recruited to
participate in this study. This group was a subset of participants enrolled in a randomized
crossover trial examining the efficacy of an intervention brace and a control brace for
reducing knee pain27. There was a 6 week washout period between treatment phases. The
kinematic assessment for the current study took place approximately 2 weeks into the phase
of the study where the experimental brace was worn. Subjects were included in this study if
they had knee pain on most days of the past month and either isolated patellofemoral OA or
patellofemoral OA with concomitant tibiofemoral OA. Radiographic patellofemoral OA was
defined as a grade 2 or above osteophyte (0–3 scale) or joint space narrowing of greater than
1 (0–3 scale) with a concurrent grade 1 osteophyte on a skyline radiograph in accordance
with the OARSI atlas. Tibiofemoral OA was defined as a Kellgren/Lawrence grade 2 or
above from a posteroanterior radiograph. Subjects with concomitant tibiofemoral OA were
only included if the symptoms of pain location or physical examination findings were
consistent with patellofemoral disease as the predominant source of symptoms. The study
was approved by the Boston University Medical Center and University of British Columbia
institutional review board and all subjects gave informed consent.

Patellar Brace
The patellar brace used in this study was a standard sleeve with a T-strap (Bio Skin Q,
Cropper Medical Inc., Ashland, OR, USA) (Figure 1). The T-strap was positioned to create a
medial translation of the patella. A trained research assistant (KH) instructed participants on
correctly donning and doffing the brace.

Three-Dimensional Patellar Kinematics
We assessed three-dimensional patellar kinematics in each subject using a validated,
noninvasive, sequential static, MRI-based method16,28. Kinematics were assessed under 4
different conditions: 1) no load, no brace 2) 15% BW load, no brace 3) no load, brace 4)
15% BW, brace. We chose a load of 15% BW because we found previously that this load is
achievable by study participants with knee OA21 and because a 30% load was difficult for
some healthy participants29. We tested a no load condition in the study to determine whether
kinematic changes created by the brace were consistent at different loads.
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MRI scans for each subject were collected according to the previously described and
validated protocol using a 3T MRI scanner (Intera, Phillips, Best, The Netherlands)16.
Briefly, high resolution scans were acquired while the subject lay in a supine position with
the knee in a relaxed position (Table 1). Next, six static, low-resolution scans were acquired
at six different flexion angles between full extension and approximately 50° flexion (Table
1) for each of the four conditions described above. For these scans, the subject’s foot was
positioned on a MRI-safe loading plate (Figure 2) with the knee flexed to the prescribed
angle (approximately 0°, 10°, 20°, 30°, 40° and 50°, using a standard goniometer). A scan
was acquired at the first flexion angle with no applied load (condition 1) and then with 15%
BW load (condition 2). The process was repeated at each of the 5 other prescribed flexion
angles. The subject then donned the patellar brace and the process of acquiring the low-
resolution scans at no load (condition 3) and 15% BW load (condition 4) was repeated for
the six knee flexion angles.

To calculate three-dimensional patellar kinematics, the images were processed using
commercial (Analyze, Analyze Direct, Overland Park, KS, USA) and custom written
software (Matlab, the Mathworks, Natick, MA, USA) according to the previously described
method16. The patella, femur and tibia were segmented in a slice-by-slice manner from the
high-resolution scan and each set of low-resolution scans. Bone models were created from
the high-resolution scans and bone contours were created from the low-resolution scans.
Orthogonal anatomical coordinate systems (flexion, long and anterior) were assigned to each
bone in the model29. The origins of the patellar, femoral and tibial coordinate systems were
the most posterior point on the axial midslice, the most distal point on the sagittal slice
containing the most proximal point of the trochlear notch and the most proximal point of the
medial tibial eminence, respectively. The positive directions for all coordinate systems were
proximal, lateral and anterior. Next, each set of contours (six per condition) was registered
to the bone models using an Iterative Closest Points algorithm30. A modified Joint
Coordinate System, defined as the flexion axis of the femur, the long axis of the patella and
a third, anteriorly directed axis which was orthogonal to the other two16,31, was used to
determine the orientation of the patella with respect to the femur at each angle of knee
flexion for each condition. Translations were defined using the position of the origin of the
patellar coordinate system expressed in the femoral coordinate system at each knee flexion
angle for each condition. Therefore the attitude and position of the patella with respect to the
femur were described using the following three-dimensional patellar kinematic parameters:
patellar flexion (rotation about the flexion axis of the femur), patellar spin (rotation about
the third, anteriorly directed axis of the modified Joint Coordinate System), patellar tilt
(rotation about the long axis of the patella), proximal-distal translation (position of the
patellar origin along the long axis of the femur), medial-lateral translation (position of the
patellar origin along the flexion axis of the femur) and anterior-posterior translation
(position of the patellar origin along the anterior axis of the femur) (Figure 3). Similarly,
tibiofemoral flexion was calculated. Error in the method is less than 1.02° for spin and tilt
and less than 0.88 mm for translations, assessed using Roentgen stereophotogrammetric
analysis (RSA) as a standard16. The intra-subject repeatability of the method is less than
1.04° for spin and tilt and less than 0.81 mm for translations, assessed as the mean standard
deviation of 4 trials in 3 subjects28.

Each kinematic parameter was plotted as a function of tibiofemoral knee flexion (calculated
from the kinematic analysis) for each of the 4 conditions. The calculated knee flexion data
were scaled so that the calculated and goniometer measures of knee flexion at the second
loaded position of the no brace, no load condition (approximately 10°) were equal (i.e. the
data were centered at 10° of knee flexion). This centering step was required because of
difficulties in consistently identifying the origin of the tibial anatomical coordinate system
on the MRI images, likely due to osteoarthritic changes.
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Statistical Analysis
We tested the null hypothesis that there was no difference between the bracing conditions at
no load and 15% BW load for each patellar kinematic parameter using hierarchical linear
random-effects models and packaged software (Stata 10, StataCorp LP, College Station, TX,
USA). The model is a weighted average of each subject’s kinematic data that takes into
consideration any missing data and the variance from the mean. The models in this study
took the following form:

where ‘y’ was the kinematic parameter, ‘knee_angle’ was the knee flexion angle and
‘condition’ was 1) no load, no brace 2) 15% BW load, no brace 3) no load, with brace, and
4) 15% BW, with brace. The random intercept term (β3) was always included in the model
while the quadratic (β2) and random slope (β4) terms were included only when significant
(p<0.05). Statistically significant differences were defined as p<0.05.

Results
Nineteen subjects (14 female, 5 male, 62.4 ± 9.9 years, 86.6 ± 18.9 kg) with lateral
patellofemoral OA participated in this study. The twentieth subject was excluded from the
analysis due to motion artifact in the high-resolution MRI scan which made patellar
kinematic assessment impossible. Of the 19 remaining subjects, 6 had concomitant
tibiofemoral OA and 6 had concomitant medial patellofemoral OA and tibiofemoral OA.
The subjects had been wearing the brace for 16.0 ± 6.8 (mean ± standard deviation) days
when the study was carried out. The subjects wore the brace for an average of 5.1 ± 1.9
hours per day.

The brace caused the patellae to extend in early angles of knee flexion but the difference
was not maintained in greater angles of knee flexion (Figure 4a, Table 2). The slope (β4)
varied between conditions for flexion; the braced condition had greater slopes than the no
brace condition at both load levels (both p<0.001) (Table 2). The brace caused the patellae
to spin externally by 0.62° for the loaded condition (p=0.012) throughout the range of knee
flexion studied (Figure 4b, Table 2). The trend was similar for the unloaded condition but
the results were not statistically significant. The brace caused a medial tilt of the patella of
1.11° for the unloaded condition (p<0.001) and 0.85° for the loaded condition (p=0.004)
throughout the range of knee flexion studied (Figure 4c, Table 2).

The brace caused the patellae to translate distally by 0.67 mm for the unloaded condition
(p=0.001) and 1.09 mm for the loaded condition (p<0.001) throughout the range of knee
flexion studied (Figure 5a, Table 3). Medial translations of 0.23 mm for the unloaded
condition (p<0.001) and 0.46 mm for the loaded condition (p<0.001) were also found
throughout the range of knee flexion studied (Figure 5b, Table 3). Finally, the brace caused
a posterior translation of 0.51 mm for the unloaded condition (p<0.001) and 0.47 mm for the
loaded condition (p<0.001) throughout the range of knee flexion studied (Figure 5c, Table
3).

The quadratic coefficient (β2) was significant for patellar flexion, tilt, lateral translation and
anterior translation and therefore included in those models. The random slope coefficient
(β4) was significant for patellar flexion therefore included in that model.

McWalter et al. Page 5

Osteoarthritis Cartilage. Author manuscript; available in PMC 2012 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Loading did not effect kinematics for any parameter except lateral translation in which the
patella translated laterally by 0.22 mm (p=0.42) with applied load for the no brace condition
(Figure 5b, Table 3).

Discussion
We assessed whether wearing a patellofemoral brace altered three-dimensional patellar
kinematics in subjects with lateral radiographic patellofemoral OA. Donning the brace
caused an average pattern of consistent external spin, medial tilt, proximal translation,
medial translation and posterior translation of the patellae over the range of knee flexion
studied, as described by the hierarchical random-effects models. It also caused the patellae
to extend in early angles of knee flexion, but this difference was not maintained in greater
flexion. These findings were consistent for the unloaded and loaded conditions, although the
magnitudes of the differences varied slightly. The brace accomplished its mechanical aim of
translating the patellae medially, however the magnitude of this translation was, on average,
quite small (0.46 mm for 15% BW load condition). It is important to note that relatively
large variability existed in patterns of kinematics between individuals, in particular for spin,
tilt and lateral translation.

Since this is the first study to examine the effect of bracing in subjects with patellofemoral
OA, there are no directly comparable results in the literature. However, our results are
generally consistent with studies of patellofemoral bracing in subjects with patellofemoral
pain and patellar subluxation and dislocation. In these studies, two-dimensional assessments
in the axial plane were made using a measure of medial translation termed the bisect offset
(the percentage of the width of the patella that is lateral to the deepest part of the trochlear
groove32) and mediolateral patellar tilt angle (the angle between the line across the
maximum width of the patella and the line joining the posterior femoral condyles18) or
patellar tilt angle (the angle between the line parallel with the lateral patellar facet and a line
joining the posterior femoral condyles33). In a study of patellofemoral pain, two different
braces caused medial translations of 0.9 and 1.4 mm, respectively, (bisect offset decrease of
2.4% and 3.6%, standardized to mean patellar width of 38.8mm) when assessing kinematics
with MRI at loaded sequential static postures25. In a second study of patellofemoral pain the
brace caused a 1.6 mm medial translation (bisect offset 4%) when assessing kinematics in
weightbearing flexion in an upright, open-bore MRI scanner26. In the study of patellar
subluxation and dislocation the brace caused a medial translation of 0.4 mm (bisect offset
approximately 1%) when assessing kinematics during continuous flexion with MRI
(resisting the weight of the shank)33. Medial translations were smaller in the present study
(0.23 to 0.46 mm) which may be due to differences in the OA joint anatomy, the age and
strength of the patients and the definition of patellar translation. In these same studies the
brace caused the patellae to tilt medially by approximately 1.5°25 and 3°26 (mediolateral
patellar tilt angle) and 1.5°33 (the patellar tilt angle). The magnitude of medial tilt was
smaller in the present study (between 0.79 and 1.17°). Some of the differences are likely the
result of differences in the definition of tilt. In the present study, tilt was based on a
coordinate system defined in three dimensions, in contrast with the two-dimensional
assessments used in the other studies. Differences could also be due to variations in the
design of the patellofemoral brace itself.

The patellofemoral brace also caused changes in patellar flexion, spin and distal translation,
which is not its intended purpose. Our finding that bracing extended the patella in early knee
flexion may be the result of the patellae translating proximally in early flexion, which may
have shifted the proximal end of the patella above the brace’s patellar cutout and caused the
patella to extend. Further, the brace caused the patellae to translate distally and spin
externally, which may be due to the restriction of patellar motion that the cutout imposes.
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Finally, although small, the trend of posterior translation when the knee brace was worn was
not surprising because, as others have speculated, the brace may cause the patella to be
located more firmly in the trochlear groove, which is supported by the finding that bracing
increases cartilage contact area25. Because this is the first three-dimensional assessment of
bracing, comparison to the patellofemoral pain literature is not possible for these parameters.

Patellofemoral bracing produces similar kinematic results as patellar taping. A study of the
effect of taping on patellar malalignment in patients with patellofemoral OA found that the
tape caused the patellae to tilt medially by 3.57° but did not change the bisect offset8. It also
found a decrease of 2.94% (or 1.1 mm, again using the comparative patellar width of 38.8
mm) in lateral displacement, which in this case was defined as the percentage of the patella
lateral to the most anterior portion of the lateral condyle. The tape caused much greater tilt
than observed in the present study and our measure of medial translation falls between the
two measures used in the taping study. This highlights the difficulty in comparing results for
medial translation between methods of assessment and this may be because they are
sensitive to patellar type34 and coordinate system assignment35. Differences may be due to
differing aims of the tape and the brace. The tape was positioned to translate and tilt the
patella medially, tilt the patella superior and unload the infrapatellar fat pad. This aim is
more complex than the medial translation applied by the brace. Differences may also be due
to the cross-sectional design of the taping study; alignment was assessed immediately after
tape application therefore the effect of loosening was not considered.

There were no differences in kinematics between the two load levels for the braced
condition and only for lateral translation for the no brace condition, however this difference
was very small. We have previously shown that there was no difference in kinematics
between no load and 15% BW loads in normal subjects29; in the present study we have
shown that this finding is also true in individuals with lateral patellofemoral OA. The small
but statistically significant increase in lateral translation (0.22 mm) may be due to a laterally
directed line of action of the active quadriceps muscles. It is possible that individuals with
lateral patellofemoral OA display a more lateral patellar tracking than normal individuals
and it appears that the quadriceps muscle contraction contributes to this pattern.

It is not clear whether the small changes in kinematics caused by the brace in this study
reflect changes to the mechanical environment sufficient to produce clinical benefits.
Patellar taping reduced pain in individuals with knee and patellofemoral OA5–8, however
kinematics were not assessed in those studies. Therefore, it remains uncertain what
magnitude of correction is required to reduce pain. The results from the parent cross-over
study from which this subset was drawn found that the patellar brace did not reduce pain in
this lateral patellofemoral OA population27. It is possible that the brace is not able to apply
the same amount of mechanical correction as taping which may explain the difference in
pain results. However, the subject groups differed between these two studies; the subjects
taping study had bilateral patellofemoral OA. The kinematic differences for medial tilt and
translation in the present study are smaller than those in the patellofemoral pain
studies25,26,33, which is another indication that bracing affects the patellofemoral OA and
pain populations differently. It is possible that the degenerative joint changes associated with
OA impede the performance of the brace.

The differences observed when the brace was donned were, for the most part, smaller than
the measurement error in the method and unlikely to be clinically meaningful. One possible
reason that statistically significant differences were observed, even though they were smaller
than the measurement error, is because the error is random rather than systematic16,28. The
differences between the brace and no-brace conditions likely do not represent a clinically
meaningful change in kinematics since no reduction in pain was observed in the parent
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study27. From previous two-dimensional bracing data in the patellofemoral pain
population25,26 and taping data in the patellofemoral OA population8 we might expect
clinically meaningful differences in medial translation to be at least 1 to 1.5 mm and in
medial tilt to be at least 1.5 to 3.5°. There are no reference data available for the other four
kinematics parameters.

This study was the first to assess the effect of a patellofemoral brace on three-dimensional
patellar kinematics in subjects with patellofemoral OA. Strengths of this study include the
carefully defined radiographic lateral patellofemoral OA population studied and the use of a
validated method to assess three-dimensional patellar kinematics. A limitation of the study is
that a sequential static method for assessing kinematics was used. Ideally we would assess
patellar kinematics in normal activity, but to date no such method of assessment exists.
Differences have been observed in two-dimensional patellar kinematics between unloaded,
sequential static positions and continuous movement in resisted extension (open-chain)36,
and between continuous resisted extension and continuous weightbearing flexion37. Further,
the 15% BW load used in this study appears to be less than that experienced during dynamic
activity; however, a force equilibrium analysis of the rig and lower limb has shown that the
external extension moments (which vary with knee flexion) range from 25–200% of that
experienced during the stance phase of gait (Appendix A). This load was chosen because all
the participants with knee pain could tolerate and maintain throughout MRI scanning. It is
likely that differences exist between sequential static and continuous methods and between
resisted extension and simulated or actual weightbearing in three dimensions. Another
limitation is that the patients wore the brace on average for 16 days prior to the kinematic
assessment and as a result there may have been a learning effect, in particular for the no
brace condition. Finally, we did not randomize the order in which each condition was
studied because of the additional time that would have been required for the kinematic
assessment. However, we chose to study the no brace condition prior to the brace condition
because this order is aligned with the application of this treatment strategy.

We found that bracing produced small but statistically significant differences in three-
dimensional patellar kinematics in subjects with radiographic lateral patellofemoral OA. The
brace caused the patellae to spin externally, tilt medially and translate distally, medially and
posteriorly through the entire range of knee flexion studied. The brace also extended the
patellae in early angles of knee flexion. These trends were similar for both loading
conditions. Although the brace achieved the mechanical aim of translating the patellae
medially it does not appear that this small medial translation is able to adequately correct
patellar kinematics in patients with radiographic lateral patellofemoral OA.
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Appendix A

Rig and External Joint Loads
The loading rig consisted of a foot plate attached to a loading platform that hinges on an
inversed U-shaped frame (Figure A1); therefore, the foot plate system was free to rotate
about the crossbar of the frame. When in use the participant’s foot was placed on the loading
plate, which was positioned at approximately 10° from vertical, and the prescribed load was
placed on the loading platform. The load was then released and the participant was
instructed to maintain his or her leg position so that the angle of the pedal did not change.
The magnitude of the applied load required to create the prescribed axial load at the pedal
(ie 15% BW load) was determined experimentally using a single axis load cell. The load
was assumed to act at 15 cm from the bottom of the pedal, which is approximately at the
centre of the foot. From this an estimate of shear load could be determined using a static
equilibrium analysis of the rig (Figure A2). For example, for an individual who weighs 80
kg, the shear loads associated with an axial load of approximately 15% BW (118 N) was
approximately 60 N and for 30% BW (236 N) was approximately 120 N.

These loads applied by the rig can then be used to estimate the intersegmental forces and
moments at the knee joint (external forces and moments). The segment lengths and the
weight of the shank in the sample calculation were based on an example of a sagittal plane
kinetic gait analysis found in a prominent textbook chapter1; this allows for direct
comparison of intersegmental forces and moments at the knee. In the section on
intersegmental loads below, a schematic of the system, free-body diagrams of the foot and
the shank and equilibrium equations are shown (Figure A3). These equations can be used to
estimate intersegmental forces and moments at the different load levels for different knee
flexion angles (Figure A3). The external moments at the knee ranged from 10 Nm at 45° of
knee flexion to 40 Nm at full extension. In the textbook example, the external moment at the
knee was 43 Nm when ground reaction forces of 700 N in the vertical direction and 150 N in
the horizontal direction were applied (textbook Figure 3–6 and Table 3–1)1. Therefore, the
external moments at the knee during the MRI scan are similar to those experienced during
gait; however, it must be noted that this is a measure of resultant external moment only and
does not tell us about internal contact or muscle loads which can only be estimated using
assumptions, simplifications and reduction or optimization algorithms.

1 Andriacchi TP, Johnson TS, Hurwitz DE, Natarajan RN. Musculoskeletal Dynamics,
Locomotion, and Clinical Applications. In: Basic Orthopaedic Biomechanics and Mechano-
biology, Mow VC, Huiskes R, 3rd Edition, Philadelphia, Lippincott Williams & Wilkins
2005.
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Figure 1.
The patellar brace (Bio Skin Q, Cropper Medical Inc., Ashland, OR, USA) evaluated in this
study.
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Figure 2.
Schematic of the patient lying supine in the MRI scanner. The patient’s foot is positioned on
the MR-safe loading rig and the knee is supported by triangular foam padding. The weight is
released against the patient’s foot thereby applying an axial load.
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Figure 3.
Three-dimensional patellar kinematic parameters. Rotations: flexion/extension, internal/
external spin, medial/lateral tilt. Translations: proximal/distal, lateral/medial, anterior/
posterior. Arrowheads indicate the positive directions. M=medial, L=lateral.
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Figure 4.
Rotational results as a function of knee flexion for patellar a) flexion, b) spin and c) tilt. The
lines indicate the results of the hierarchical linear random-effects model for each condition
1) no load, no brace, 2) 15% BW load, no brace, 3) no load, with brace, 4) 15% BW load,
with brace. The raw data points are included and are colored according to condition. The
data were scaled to 10° of knee flexion.
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Figure 5.
Translation results as a function of knee flexion for a) proximal, b) lateral and c) anterior
translation. The lines indicate the results of the hierarchical linear random-effects model for
each condition 1) no load, no brace, 2) 15% BW load, no brace, 3) no load, with brace, 4)
15% BW load, with brace. The raw data points are included and are colored according to
condition. The data were scaled to 10° of knee flexion.
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Figure A1.
Photograph of loading rig.
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Figure A2.
Free body diagram of loading rig (side view).
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Figure A3.
Sagittal plane intersegmental force analysis.
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Table 1

MRI parameters for high- and low-resolution images.

Parameter High-resolution Low-Resolution

Coil Knee Body

In-plane resolution 0.586 mm 1.25 mm

Slice thickness 2 mm 2 mm

Slice separation 2 mm 7 mm

Matrix size 512 × 512 256 × 256

Repetition Time 360 ms 307 ms

Echo Time 10.0 ms 6.2 ms

Flip Angle 90° 90°

Field of view 300 mm 320 mm

Scan time 9 min 10 s 34 s
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Table 2

Coefficients (95% confidence interval) and p-values for the hierarchical random-effects models for rotations.
The quadratic and random slope terms (β2 and β4, respectively) were included in the model when significant.
NS = not significant.

Coefficients Flexion Spin Tilt

β0
(y-intercept, °)

−12.83 (−15.43, −10.23)
p < 0.001

−5.83 (−7.03, −4.63)
p < 0.001

7.60 (2.72, 12.48)
p = 0.002

β1
(slope, ° / ° knee flexion)

0.459 (0.385, 0.534)
p < 0.001

0.089 (0.072, 0.105)
p < 0.001

0.131 (0.052, 0.211)
p = 0.001

β2
(quadratic, ° / ° knee flexion2)

0.0041(0.0033, 0.0050)
p < 0.001

NS −0.0016 (−0.0025, −0.0006)
p = 0.001

β3:
(random intercept by condition, °)

  0% load: no brace vs brace −3.88 (−4.82, −2.94)
p<0.001

−0.43 (−0.90, 0.04)
p = 0.071

1.11 (0.54, 1.68)
p < 0.001

  15% load: no brace vs brace −3.60 (−4.51, −2.68)
p<0.001

−0.62 (−1.10, −0.15)
p = 0.010

0.85 (0.27, 1.43)
p = 0.004

  No brace: 0% load vs 15% load −0.23 (−1.15, 0.69)
p=0.626

0.02 (−0.46, 0.49)
p = 0.944

−0.06 (−0.64, 0.51)
p = 0.832

  Brace: 0% load vs 15% load 0.05 (0.98, −0.88)
p=0.913

−0.18 (−0.65, 0.29)
p = 0.460

−0.32 (−0.89, 0.25)
p = 0.274

β4:
(random slope by condition, ° / ° knee flexion)

  0% load: no brace vs brace 0.062 (0.030, 0.094)
p < 0.001

NS NS

  15% load: no brace vs brace 0.060 (0.028, 0.092)
p<0.001

NS NS

  No brace: 0% load vs 15% load 0.004 (−0.029, 0.036)
p = 0.834

NS NS

  Brace: 0% load vs 15% load 0.002 (−0.030, 0.033)
p = 0.907

NS NS
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Table 3

Coefficients (95% confidence interval) and p-values for the hierarchical random-effects models for
translations. The quadratic term (β2) was included in the model when significant. The random slope term (β4)
was not significant for any translation and therefore not included. NS = not significant.

Coefficients Proximal Lateral Anterior

β0
(y-intercept, mm)

31.77 (28.64, 34.90)
p < 0.001

0.54 (−1.37, 2.45)
p = 0.579

27.50 (26.21, 28.78)
p < 0.001

β1
(slope, mm / ° knee flexion)

−0.531 (−0.574, −0.489)
p < 0.001

−0.013 (−0.047, 0.022)
p = 0.468

0.072 (0.034, 0.11)
p < 0.001

β2
(quadratic, mm / ° knee flexion2)

NS 0.0007 (0.0003, 0.0010)
p < 0.001

−0.0036 (−0.0039, −0.0033)
p < 0.001

β3:
(random intercept by condition, mm)

  0% load: no brace vs brace −0.67 (−1.05, 0.29)
p = 0.001

−0.23 (−0.44, −0.02)
p = 0.031

−0.51 (−0.68, −0.33)
p < 0.001

  15% load: no brace vs brace −1.09 (−1.48, −0.69)
p < 0.001

−0.46 (−0.68, −0.25)
p < 0.001

−0.47 (−0.64, −0.29)
p<0.001

  No brace: 0% load vs 15% load 0.31 (−0.07, 0.69)
p = 0.114

0.22 (0.01, 0.44)
p = 0.042

−0.06 (−0.23, 0.12)
p = 0.525

  Brace: 0% load vs 15% load −0.11 (−0.49, 0.28)
p = 0.586

−0.01 (−0.22, 0.20)
p = 0.937

−0.02 (−0.16, 0.19)
p = 0.866
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