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Abstract

Objective—To test the hypothesis that knee cartilage changes over five years are associated with
baseline peak knee adduction moment (KAM) and peak knee flexion moment (KFM) during early
stance.

Design—Baseline KAM and KFM were measured in sixteen subjects with medial knee OA.
Regional changes in cartilage thickness and changes in medial-to-lateral thickness ratio were
quantified using magnetic resonance imaging at baseline and again after five years. Multiple
regression was used to determine whether baseline measures of KAM and KFM were associated
with cartilage changes over five years. Associations with baseline pain score, Kellgren-Lawrence
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grade, walking speed, age, gender, and body mass index were tested one-by-one in the presence of
KAM and KFM.

Results—Changes over five years in femoral medial-to-lateral thickness ratio were associated
with baseline KAM, KFM, and pain score (R?=0.60, p=0.010), and most significantly with KAM
(R2=0.33, p=0.019). Changes in tibial medial-to-lateral thickness ratio were associated with
baseline KAM, KFM, and walking speed (R2=0.49, p=0.039), with KFM driving this association
(R2=0.40, p=0.009). Changes in medial tibial thickness were associated with baseline KAM,
KFM, and walking speed (R2=0.49, p=0.041); KFM also drove this association (R?=0.42,
p=0.006).

Conclusions—The findings that the KAM has a greater influence on femoral cartilage change
and the KFM has a greater influence on tibial cartilage change provide new insight into the
tibiofemoral variations in cartilage changes associated with walking kinetics. These results suggest
that both KAM and KFM should be considered when designing disease interventions as well as
when assessing the risk for OA progression.

Keywords
Gait; ambulatory mechanics; kinetics; disease progression; cartilage thickness; MRI

INTRODUCTION

Osteoarthritis (OA) represents a growing yet unsolved problem?, with knee OA being the
most prevalent symptomatic form of this disease?3. While there are biological, mechanical,
and structural factors associated with the progression of knee OA, mechanical loading
during walking has been identified as a critical factor~" that represents an opportunity for
low cost and low risk intervention. Most commonly, the external knee adduction moment
has been the target of various interventions that aim to reduce joint loading and slow disease
progression8. However, recent studies showing that the external knee flexion moment is also
significantly associated with total medial compartment load suggest that analyzing the
flexion and adduction moments together could provide a better assessment of joint
loading®-11. The need to improve our understanding of the relationship between these knee
moments and structural disease progression is particularly important because, in the absence
of a cure, interventions are aimed at reducing joint loads by focusing only on the adduction
moment22-14, Currently, there is a lack of knowledge that supports the reduction of the
adduction moment without any consideration for the flexion moment.

The external knee adduction moment has received much attention in the past because it
complements the static mechanical axis alignment measure by characterizing the ambulatory
distribution of load between the medial and lateral compartments1>-17. The adduction
moment has been shown to be associated with cartilage changes in medial knee 0A18-20 a5
well as being prospectively sensitive to disease progression as measured by radiographs?!
and cartilage volume?2. On the other hand, the knee flexion moment has also been shown to
be important in knee loading in patients with OA9:23:24 a5 it provides a surrogate for net
muscle contraction®, which corresponds to forces that are multiples of body weight in early
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stance of walking. Furthermore, the flexion moment is substantially influenced by OA-
related knee joint pain2>-27 and can change in response to an intervention?®.

Literature is particularly deficient in longitudinal studies of ambulatory loads and structural
markers for OA, with no such study analyzing the flexion moment. Consequently, there is a
need for prospective studies that analyze the relative influence of the adduction and flexion
moments on cartilage changes. These types of studies would elucidate the effect of knee
loading during gait in the broader context of evaluating future directions for treating knee
OA. Given the complexity of knee mechanics during gait, the adduction and the flexion
moments can influence different regions of tibiofemoral cartilage. Testing for regional
differences associated with these components of joint load would provide new insight into
the pathomechanics of knee OA. Thus the purpose of this study was to assess which of these
knee moments are prospectively associated with changes in cartilage structure. This study
tested the hypotheses that the knee adduction moment and the knee flexion moment are
significantly correlated with changes in cartilage thickness and medial-to-lateral cartilage
thickness ratio over five years in specific load-bearing regions of the femoral and tibial
cartilage.

As part of this study, 16 subjects were recruited from a cohort of 42 patients with medial
knee OA who had participated in a previous study approximately five years prior28. With
Institutional Review Board (IRB) approval, the subjects were initially recruited from printed
advertisements through the Palo Alto Veterans Affairs and the local community. The
inclusion criteria at baseline and follow-up testing were: age greater than 40 years;
radiographically-diagnosed medial compartment knee OA (Kellgren-Lawrence grade=>1) in
at least one knee. Exclusion criteria at baseline and follow-up testing were: serious lower
extremity injury or surgery including ACL reconstruction, meniscus surgery, and knee
arthroscopy; diagnosed or symptomatic OA in the ipsilateral hip or ankle; radiographic
evidence of lateral compartment OA; gout or recurrent pseudo gout; age greater than 85
years; body mass index (BMI) greater than 35 kg/m?; total knee or hip replacement in either
leg; and inability to have a magnetic resonance imaging (MRI) scan. The index knee was
selected based on baseline pain and Kellgren-Lawrence (KL) grade that was determined
from radiographs by an experienced orthopaedic surgeon. With a second IRB approval,
subjects were recalled and eligibility determined by mail and phone. Of the 26 subjects who
were not retested, 10 did not respond, 4 had total knee replacements, 5 had other knee
surgeries, 3 had moved to other states, 3 were unwilling to participate, and 1 was deceased.

At baseline, each subject’s kinematic data during self-selected normal walking speed was
recorded using a multi-camera system (Qualisys AB, Gothenburg, Sweden) and the point
cluster technique?®. Ground reaction forces were collected using a floor-embedded force
plate (Bertec Corporation, Columbus, OH). Both systems were synchronized and data
sampled at 120 Hz. A standing reference pose was captured before the walking trials with
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markers placed on palpable bony landmarks throughout the lower limb to define an
anatomical reference frame for each segment according to a previously-described
protocol®0. The knee adduction moment and knee flexion moment, expressed as external
moments in the tibial anatomical frame, were calculated with the software BioMove
(Stanford University, Stanford, CA) as detailed in prior work3L. The first peak knee
adduction moment (KAM) and first peak knee flexion moment (KFM) were defined as the
maximum value during the first half of stance phase on the force plate. These maximum
values for the index knee were averaged over three walking trials for every subject, and
expressed as a percentage of body weight and height (%BW*Ht). For each subject, the three
trials were controlled to a self-selected normal walking speed that was found to be
repeatable and comfortable.

The index knee of each patient was imaged at baseline and follow-up on the same General
Electric Signa 1.5 Tesla MRI machine (GE Medical Systems, Milwaukee, WI) with a
standard transmit-receive extremity coil. Sagittal plane images of the knee were obtained
using a fat-suppressed three-dimensional spoiled gradient recalled echo (SPGR) sequence
with TR=60ms, TE=5ms, flip angle=40°, field of view=140x140 mm, slice
thickness=1.5mm, number of slices=60, and matrix=256x256.

Cartilage Thickness

Pain Score

The boundaries of the femoral and tibial cartilages were defined on the two-dimensional
sagittal slices of the MRI scans using a semi-automatic segmentation method by a single
experienced operator32; intra-observer variability for this segmentation method has been
shown to be less than 3%32. Three-dimensional models of the femoral and tibial cartilages
were then constructed using custom software32. Mean cartilage thicknesses were calculated
over classical load-bearing regions at the femoral condyles and the tibial plateau; these
cartilage regions were described as medial femoral, medial tibial, lateral femoral, and lateral
tibial33. The posterior limit for the load-bearing region of the femur was defined at 60% of
the distance between the notch and the posterior end of the condyles34. Change in cartilage
thickness was defined as the mean cartilage thickness at follow-up minus the mean cartilage
thickness at baseline. Femoral and tibial medial-to-lateral cartilage thickness ratios were
defined as the mean medial region thickness divided by mean lateral region thickness;
change in medial-to-lateral ratio was defined as the medial-to-lateral ratio at follow-up
minus the medial-to-lateral ratio at baseline.

Pain was quantified at baseline using a modified version of the Rush Hospital for Special
Surgery functional knee evaluation3. In this survey, a higher score indicates less knee pain;
a score of 50 indicates ‘no pain or ignores pain’ and score of 0 indicates ‘continuous pain
regardless of activity”?.

Osteoarthritis Cartilage. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

RESULTS

Page 5

Data Analysis

Normal distribution of the data was tested and determined using the Shapiro-Wilk test. To
identify the baseline measures that were significantly associated with changes in cartilage,
multiple linear regression was used to correlate baseline KAM and KFM with mean
thickness changes in the medial femoral, medial tibial, lateral femoral, and lateral tibial
regions, as well as with changes in femoral medial-to-lateral thickness ratio and tibial
medial-to-lateral thickness ratio. The effect of age, gender, BMI, KL grade, pain score, and
walking speed were each tested by entering one of these measures into the statistical model
with KAM and KFM; this method is preferred in order to avoid an over-fitted model with all
eight independent measures. The multivariate regression models were considered
statistically significant when the model’s p<0.05; multivariate results are shown in terms of
standardized coefficients and p-values to show each measure’s relative contribution to the
final statistical model. Correlations between the independent measures in the regression
model and cartilage change were considered to be statistically significant when p<0.05.
Statistics were performed with SPSS version 20 (IBM Corp., Armonk, NY) and MATLAB
version 2010b (The MathWorks, Natick, MA).

This study’s participant cohort consisted of 16 subjects (10 females, 6 males) with medial
compartment knee OA (KL1: 4, KL2: 5, KL3: 6, KL4: 1). At baseline, the mean + standard
deviation age was 60.1 + 9.4 years, BMI was 28.3 + 4.5 kg/m?, pain score was 36 + 19, and
walking speed was 1.31 £ 0.14 m/s. The time between baseline and follow-up tests was 4.7
+ 0.6 years. There was no significant relationship between the baseline KAM and baseline
KFM (R2=0.00, p=0.96).

For the femoral cartilage, changes in the medial-to-lateral thickness ratio were associated
with baseline KAM and KFM (RZ:O.4O, p=0.038; Table 1), as well as baseline KAM, KFM,
and pain score (R2=0.60, p=0.010; Table 1). The baseline KAM was the measure that was
most strongly correlated femoral thickness ratio change, such that the unstandardized
univariate regression showed that a 1% BW*Ht increase in the baseline KAM indicated an
average reduction of 0.06 unit in the femoral medial-to-lateral cartilage thickness ratio over
five years (R2=0.33, p=0.019; Figure 1). There were no statistically significant correlations
between baseline measures and changes in mean thickness in the medial femoral or lateral
femoral regions.

The tibial cartilage changes in the medial-to-lateral thickness ratio were associated with
baseline KAM and KFM (R?=0.41, p=0.032; Table 1), as well as baseline KAM, KFM, and
walking speed (R2=0.49, p=0.039; Table 1). These associations were driven by KFM, such
that the unstandardized univariate regression showed that a 1% BW*Ht increase in the
baseline KFM indicated an average reduction of 0.06 unit in the tibial medial-to-lateral
cartilage thickness ratio over five years (R?=0.40, p=0.009; Figure 2). In addition, cartilage
thickness changes in the medial tibial cartilage region were associated with baseline KAM
and KFM (R2=0.43, p=0.027; Table 1), as well as baseline KAM, KFM, and walking speed
(R2=0.49, p=0.041; Table 1). Again, these associations were primarily driven by KFM, such
that unstandardized univariate regression showed that a 1% BW*Ht increase in the baseline
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KFM indicated an average loss of 0.15 mm of medial tibial cartilage over five years
(R2=0.42, p=0.006; Figure 3). There were no statistically significant correlations between
baseline measures and changes in mean thickness in the lateral tibial region.

The KAM or KFM had the lowest individual p-value in each of the previously-described
multivariate models (Table 1), indicating that baseline kinetics were the factors that were
most strongly associated with cartilage changes in the medial region. In order to gain further
insight into the role of the KAM and KFM in medial knee OA, post-hoc univariate
correlations between baseline KAM and baseline KFM with sub-regions of the load-bearing
cartilage region were tested (Figure 4). Three femoral sub-regions (external, central, and
internal) and five tibial subregions (anterior, posterior, external, central, and internal)
commonly used in literature were defined33. The KAM was most highly (but non-
significantly) correlated with femoral medial central cartilage loss over five years (R?=0.17,
p=0.109). The KFM was significantly correlated with cartilage changes in the tibial medial
central (R?=0.40, p=0.009), tibial medial posterior (R2=0.26, p=0.044), tibial medial internal
(R2=0.29, p=0.032), and tibial medial anterior (R2=0.43, p=0.005) regions over five years.

DISCUSSION

The results of this study showing that cartilage thinning and reduction of the medial-to-
lateral thickness ratio during the five year follow-up period were associated with higher
KAM and KFM at baseline provide new insights into the pathomechanics of the disease and
possible interventions to treat medial compartment knee OA. Specifically, the finding that
the KFM was also shown to be related to changes in the medial-to-lateral thickness
distribution is important since this load can change when interventions are introduced. Thus
these observations have important implications for gait interventions for knee OA because
they suggest that it is the overall loading environment, and not only the KAM, that should be
considered. More specifically, these results suggest that reducing the KAM while increasing
the KFM might be detrimental for cartilage health in specific regions and they invite further
studies about how the combination of KAM and KFM should be modified to slow disease
progression.

This study and others found that the medial-to-lateral thickness ratio in the weight-bearing
regions was associated with the KAM18:36:37 suggesting that this measure influences the
medial-to-lateral balance of cartilage thickness and is most sensitive to load during walking.
The association between changes in medial tibial thicknesses with the KFM suggests that the
KFM has a different influence on joint load than the KAM alone. This is supported by the
fact that the two moments are defined in orthogonal planes. Specifically, an increase in the
KAM may reflect increased loading in the medial compartment while an increase in the
KFM may reflect increased loading in both the medial and lateral compartments.
Furthermore, a significant increase in the magnitude of one moment may not necessarily
have a significant effect on the magnitude of the other, and previous studies show that the
combination of the KAM and KFM vyields a better association with medial compartment
loading®11 than the KAM alonell. Changes in either the KAM or KFM could effectively
disrupt the cartilage matrix’s ability to withstand and adapt to cyclic loading as changes in
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loading conditions may damage cartilage, which in turn alters the loading paradigm and
further increases cartilage damage3®.

This study found peak knee moments to be sensitive to changes in cartilage when
thicknesses are averaged over the entire medial or lateral regions. Other studies have also
shown that peak moments at baseline are associated with clinical outcomes in patients with
medial knee OA21:38, This suggests that although peak measures represent only one point in
the gait cycle, they act as viable surrogate measures for the moment waveform and the
actual loading environment at the knee. Therefore, studies that test associations between
peak moments and cartilage structure may benefit from selecting weight-bearing cartilage
regions, which are subject to OA-related cartilage changes3®. This allows for an increase in
sensitivity that could explain this study’s significant association between baseline KAM and
changes in femoral medial-to-lateral thickness ratio, while a previous study found no
association between baseline KAM and changes in cartilage volume that included regions
that were not weight-bearing?2.

After the KAM and KFM, pain was the independent variable that was most strongly
associated with cartilage changes, with greater levels of baseline pain (lower score)
associated with less change in the femoral medial-to-lateral thickness ratio (Table 1). This
relationship may be explained by the fact that pain level is negatively correlated with the
knee joint moments during walking29:2540: patients with more painful knees tend to walk
with lower knee moments. This could suggest that individuals who had greater levels of
baseline pain altered their mechanics to reduce tibiofemoral load and potentially slow
disease progression. This finding is particularly important for disease treatment because it
suggests that clinical interventions that only target reductions in knee pain might be counter-
effective if they are associated with an increase in loads at the knee?!. In addition, the KFM
has been associated with knee pain and alterations in OA25:26 further indicating that knee
moments should be considered in clinical interventions and in a more detailed description of
the relationship between pain and joint loads in OA.

Baseline self-selected normal walking speed also appeared to trend towards significant
associations with cartilage changes, as assessed by the statistical models for changes in tibial
medial-to-lateral thickness ratio and medial tibial thickness that included baseline walking
speed (Table 1). Subjects who walked faster when asked to walk at ‘normal’ speed
experienced less cartilage change, perhaps indicating that their relative joint health and
mechanics were less severe than those who walked slower at ‘normal’ speed. It is possible
that walking speed is not actually a measure that directly influences cartilage change and the
rate of OA progression, but is rather a representation of general lower limb musculoskeletal
health and relative severity of the mechanical environment associated with knee OA.

The post-hoc subregion analysis revealed that there is a regional component in the
relationship between cartilage thickness and knee loading (Figure 4). The KAM was most
related to changes in the femoral medial central region, which has been previously shown to
be the subregion that is subject to greatest cartilage loss in OA progression3242, The KFM
was principally associated to changes in the tibial medial anterior and central regions, the
latter of which has been reported to be a subregion that is subject to significant changes in
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OA progression3?. The differences in correlations between the baseline moments and
changes in cartilage subregions support the notion that the KAM and KFM do indeed offer
distinct insights into the pathomechanics of cartilage degradation in OA.

This study is limited by the absence of truly sensitive outcome measures that are able to
reliably detect progression of this complex disease. With degradation of articular cartilage
being the main structural outcome of disease progression, the preferred tool for cartilage
analysis in patients with OA remains MRI*3. Specifically, cartilage thickness in the load-
bearing regions have been shown to be among the most sensitive measures of cartilage
morphology** to gain a sense of the cartilage’s relative health. In addition, the medial-to-
lateral cartilage thickness ratio has been shown to be a measure that is sensitive to OA16:.18,
with a reduced medial-to-lateral thickness ratio being indicative of subjects at a more
advanced stage of medial knee OA18. The thickness ratio is complementary to crude
thickness measures because it provides a quantitative sense of the medial and lateral
distribution, while allowing for an inter-subject normalization of cartilage thickness. Further
complicating estimates of cartilage thickness are the facts that structural changes are neither
temporally nor spatially constant; femoral changes are particularly associated with early
OA* and cartilage may both thicken and thin in a given region®®. As a result, the lack of
associations with femoral thickness changes may be attributed to varied rates of OA
progression between subjects as well as the selection of predefined cartilage boundaries.
Testing for changes in thickness distribution as well as absolute regional thickness was
recently recommended in literature to gain a better understanding of OA-related structural
differences?’:48,

While these results suggest associations between biomechanical markers and change in
cartilage, this study has several other limitations. First, the population sample size is small
and the stage of OA at baseline (as assessed by KL grade) is heterogeneous. This could
potentially confound associations shown here since the moments change with disease
severityl9. In addition, these results did not indicate statistically significant associations with
baseline BMI, even though increased BMI is associated with the progression of knee OA%;
this is likely due to the study’s limited statistical power. While there is a risk of model over-
fitting with a limited sample size and up to three variables in the multivariate regressions,
this study was able to detect strong relationships related to OA progression with only 16
subjects using both multivariate and univariate models. This suggests that baseline KAM,
KFM, and pain score are measures that can be particularly sensitive to longitudinal cartilage
change. In addition, the outcome measures of this study were based on predefined cartilage
regions that are agnostic to individual variability in anatomical structure and potentially
load-bearing regions. Therefore, averaging mean thicknesses in such regions might not
detect time-based changes in thickness that occur between or across multiple regions.
However, these limitations only restrict this study’s sensitivity and still support the findings
that the KAM and KFM can be associated with markers for OA progression. There is also
evidence that the KAM and KFM differ between men and women®80, so a future study with
a larger cohort could focus on gender-specific indicators of OA progression.

In conclusion, this study shows that multiple biomechanical measures can provide distinct
insights into the pathomechanics of OA progression. Specifically, these results further
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support the prospective association of the KAM with OA progression by way of change in
the medial-to-lateral thickness ratio. In addition, this study identifies the KFM as a
biomechanical measure that is prospectively associated with change in the medial-to-lateral
thickness ratio and absolute change in cartilage thickness. While there may be some level of
mechanical interaction between these two moments, they appear to impact different
anatomical regions of cartilage change in OA. These results offer important implications
into the design of OA interventions, where focusing solely on the KAM when treating OA
may not be sufficient for reducing the rate of OA progression. The KFM plays an important
role in knee loading, and should not be ignored when intervening to alter a patient’s medial
tibiofemoral contact force through interventions such as valgus bracing of the kneel2, foot
orthoses?3, and gait retraining?4. Future studies of gait kinetics need to consider both the
KAM and KFM to gain a more complete description of the mechanical pathway to knee OA.
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Baseline peak knee adduction moment during early stance was associated with five-year
changes in femoral medial-to-lateral cartilage thickness ratio. Plot represents a univariate

regression with unstandardized coefficient p.
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Figure 2.
Baseline peak knee flexion moment during early stance was associated with five-year

changes in tibial medial-to-lateral cartilage thickness ratio. Plot represents a univariate
regression with unstandardized coefficient .
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Figure 3.
Baseline peak knee flexion moment during early stance was associated with five-year

changes in medial tibial cartilage thickness. Plot represents a univariate regression with
unstandardized coefficient f.
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Post-hoc analysis revealed that baseline knee flexion moment (KFM) was significantly
associated with medial tibial cartilage thickness changes in the central (cM), internal (iM),

posterior (pM), and anterior (aM) subregions. eM correspond to the external medial

subregion. * p<0.05
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