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Varus thrust during walking and the risk of incident and
worsening medial tibiofemoral MRI lesions: the Multicenter
Osteoarthritis Study*
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SUMMARY

Objective—To determine the association of varus thrust during walking to incident and
worsening medial tibiofemoral cartilage damage and bone marrow lesions (BMLS) over 2 years in
older adults with or at risk for osteoarthritis (OA).
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Method—Subjects from the Multicenter Osteoarthritis Study (MOST) were studied. Varus thrust
was visually assessed from high-speed videos of forward walking trials. Baseline and two-year
MRIs were acquired from one knee per subject and read for cartilage loss and BMLs. Logistic
regression with generalized estimating equations was used to estimate the odds of incident and
worsening cartilage loss and BMLs, adjusting for age, sex, race, body mass index (BMI), and
clinic site. The analysis was repeated stratified by varus, neutral, and valgus alignment.

Results—1 007 participants contributed one knee each. Varus thrust was observed in 29.9% of
knees. Knees with thrust had 2.17 [95% ClI: 1.51, 3.11] times the odds of incident medial BML,
2.51 [1.85, 3.40] times the odds of worsening medial BML, and 1.85 [1.35, 2.55] times the odds of
worsening medial cartilage loss. When stratified by alignment, varus knees also had significantly
increased odds of these outcomes.

Conclusion—Varus thrust observed during walking is associated with increased odds of incident
and worsening medial BMLs and worsening medial cartilage loss. Increased odds of these
outcomes persist in varus-aligned knees.

Keywords
Osteoarthritis; Varus knee thrust; Gait; Bone marrow lesions; Cartilage loss; MRI

Introduction

The medial compartment of the tibiofemoral joint is the most commonly affected area in
knee osteoarthritis (OA). Potentially-modifiable risk factors for medial knee OA are related
to increased or abnormal loads to the medial joint compartment. One such risk factor is
varus knee thrust, a visible manifestation of excessive varus frontal-plane tibiofemoral
motion during the weight-acceptance phase of gait with a return to neutral or less varus
alignment in the late-stance phasel. As thrust is potentially modifiable by non-invasive
methods such as bracing, muscle strengthening, and gait retraining?, its relation to OA-
related structural damage is of interest. Varus thrust has been associated with a four-fold
increase in the odds of medial radiographic OA disease progression3. Knees with varus
thrust have also been reported to be at least four times more likely to have pain during
weight-bearing than those without a varus thrust?.

To date, the relationship of knee thrust to OA risk has only been assessed through
radiography®3. Radiographic osteophytes and joint space narrowing are likely to provide
only a coarse measure of the structural damage sustained in the presence of knee thrust.
Magnetic resonance imaging (MRI) is a more sensitive measure of structural damage:
cartilage damage can be directly visualized on MRI and damage to the bone can also be
ascertained through examination of bone marrow lesions (BMLSs), which represent traumatic
lesions to subcortical bone. These lesions can appear prior to the development of features
characteristic of radiographic OA>8, and therefore detecting these lesions presents an
opportunity for early detection and prevention of knee OA.

Varus thrust represents a dynamic malalignment of the knee. Cartilage damage and BML
have been previously shown to increase in both frequency and size in response to altered
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static knee alignment’~10. Varus thrust has also been associated with the external knee
adduction moment (KAM), an indicator of medial tibiofemoral load derived from gait
analysis3. Prior studies have shown an association between the KAM and the presence of
medial BML1112 and cartilage loss12-14. It is therefore likely that varus thrust will have a
similar effect on the development of these lesions. Unlike static alignment or the KAM,
thrust can be assessed without the aid of radiographic or gait laboratory equipment; therefore
detecting an association between thrust and MRI lesions justifies the use of thrust
assessment as an inexpensive alternative to other methods of assessing OA risk.

Our objective was to determine the relation of varus knee thrust observed during walking to
MRI-detected incident and worsening medial knee cartilage damage and BMLs in older
adults with or at risk for knee OA. We hypothesized that knees with thrust would have
higher odds of those outcomes compared to knees without thrust.

The Multicenter Osteoarthritis Study (MOST) is a prospective, observational cohort study of
knee OA in older Americans that have OA or are at an increased risk of developing it.
Factors considered to contribute to an increased risk of knee OA included being overweight;
having knee symptoms without radiographic OA; and having a prior knee injury or previous
knee surgery. Subjects were recruited from two communities: Birmingham, Alabama, and
lowa City, lowa. The MOST protocol was approved by the Institutional Review Boards at
the University of lowa; University of Alabama, Birmingham; University of California, San
Francisco; and Boston University. Details of the MOST sample, including exclusion criteria,
are described elsewherel®.

Gait data were collected from eligible participants who completed the MOST 60-month
clinic visit. Participants were instructed to walk across a 4.9-meter pressure-sensitive gait
carpet, during repeated trials at a self-selected normal pace. A high-speed (60 Hz) video
camera positioned at a fixed distance from the end of the walkway recorded each subject’s
gait pattern. The camera was mounted to the wall and its position relative to the walkway
was standardized at both clinic sites. GAITRite resident software (GAI-TRite Inc., Clifton,
NJ, http://www.gaitrite.com) was used to compute spatiotemporal gait parameters such as
walking velocity and step length.

MOST participants in the 60-month gait exam had to be able to walk independently over
short indoor distances without the use of a walking aid or orthotic knee brace. Participants
with recent (<6 weeks) lower limb injury resulting in restricted weight bearing for over 1
week, recent hospitalization for a cardiovascular or respiratory disorder, lower limb
amputation proximal to the toes, or difficulty walking because of a neurological condition
were excluded.

Assessment of varus knee thrust

A single trained observer (AW), blinded to knee disease and MRI status, assessed thrust
from high-speed videos of participants in the MOST 60-month gait exam during two self-
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paced walking trials. Participants dressed in short pants and their customary shoes. Skin
markers were placed over the centers of the patellae and tibial tuberosities to facilitate
visualization of the knee. Knees were excluded from the thrust assessment if a clear view of
either marker was obscured by clothing. Thrust was defined as the dynamic worsening or
abrupt onset of varus alignment during the weight acceptance phase of gait, with a return to
more neutral alignment during the lift-off and swing phases® (Fig. 1). Thrust presence was
graded on a Likert-type scale of “definitely present,” “probably present,” “probably absent,”
or “definitely absent.” Further, for knees with thrust “definitely present” or “probably
present,” the proportion of steps exhibiting definite or probable thrust was noted as thrust
during “all steps,” “greater than half (but not all) of steps,” or “fewer than half of steps.” For
the purposes of the current study, a simplified dichotomous variable was defined, wherein
thrust was considered present when thrust was graded “definitely present” during any (=1)
steps or “probably present” during “all steps.” A randomly-selected subsample of 150 knees
(with balanced representation of the two clinic sites) underwent blinded reassessment,
revealing substantial intra-rater reliability for the dichotomous variable of varus thrust (x =
0.73; 95% CI 0.63, 0.84).

MRI acquisition

Subjects in the MOST study underwent MRI of bilateral knees with a 1.0T extremity
magnetic resonance system (OrthOne; ONI Medical Systems, Wilmington, MA) at 60 and
84 months. All MRIs were acquired using fat suppressed, fast spin-echo, proton density-
weighted sequences in the sagittal plane (repetition time [TR] 4 800 ms, time to echo [TE]
35 ms, slice thickness 3 mm, interslice gap 0 mm, field of view [FOV] 14 cm x 14 cm,
matrix 288 x 192 pixels, number of excitations [NEX] 2) and the axial plane (TR 4 700 ms,
TE 13.2 ms, slice thickness 3 mm, interslice gap 0 mm, FOV 14 cm x 14 cm, matrix 288 x
192 pixels, NEX 2) and a short-tau inversion recovery (STIR) sequence in the coronal plane
(TR 7 820 ms, TE 14 ms, inversion time 100 ms, slice thickness 3 mm, interslice gap 0 mm,
FOV 14 cm x 14 cm, matrix 256 x 256 pixels, NEX 2)16.

Assessment of cartilage loss and BMLs

To assess cartilage loss, two musculoskeletal radiologists (AG and FWR) with 15 and 13
years of experience in semiquantitative MRI analysis, respectively, scored one knee per
subject using the Whole-Organ MRI Score (WORMS) for knee OAY”. Where high quality
MR images were available from both the 60 and 84 month exams for both knees of a
subject, the one knee to be read was selected at random. Inter-reader weighted kappa values
for WORMS scoring ranged from 0.62 (95% CI 0.57, 0.68) for BML to 0.78 (95% CI 0.76,
0.81) for cartilage8. For each knee, five medial tibiofemoral sub-regions were scored. We
assessed incident cartilage loss for sub-regions with a WORMS score of 0 (normal
thickness) or 1 (normal thickness but increased signal) at baseline, and defined incident
cartilage damage as a WORMS score = 2 at 2 years. Worsening cartilage damage was
defined as any increase in WORMS score over 2 years, including incidence and within-grade
worsening. Sub-regions were excluded from analysis if they had the maximum WORMS
score at 60 months, as there could theoretically be no progression. To investigate more
definitive changes in cartilage damage, we repeated this analysis using a stricter definition of
progression: a full-grade or greater increase in WORMS score.
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Subchondral BMLs were scored from 0 to 3 based on the extent of involvement for each of
five medial tibiofemoral sub-regions (0 = none; 1 < 25% of the sub-region; 2 = 25-50%; 3 =
50%). A within-grade change of BML was also recorded, which designated definite change
that did not fulfil criteria for a full-grade change in BML score!®. For sub-regions with a
score of 0 at baseline, BML incidence was defined as an increase in score over 2 years.
Among knees with a sub-maximal BML score at 60 months, BML enlargement (worsening)
was defined as any increase in score over 2 years, including incidence.

Assessment of static knee alignment

Mechanical hip—knee—ankle (HKA) alignment was assessed at the MOST 60-month visit
from full-view, fully-extended, weight-bearing anterior—posterior radiographs of the lower
extremity. The HKA angle was defined as the angle formed by the intersection of a line from
the center of the head of a femur to the center of the tibial spines and a second line from the
center of the talus to the center of the tibial spines. Varus alignment was defined as a
mechanical HKA angle less than 179°; knees with HKA angles between 179 and 181° were
considered neutral; and knees with HKA angles greater than 181° were considered valgus.

Statistical analysis

Results

We evaluated the odds of incident and worsening tibiofemoral joint damage (i.e., cartilage
loss and BML) in the presence of varus thrust using logistic regression with an adjustment
for age, sex, race, body mass index (BMI), and clinic site. Generalized estimating equations
were used to account for correlation between multiple sub-regions within a single knee. In
sensitivity analysis to determine the whether the relationship of varus thrust to risk of MRI
outcomes was madified by the presence of static varus malalignment, the main analysis was
repeated separately within varus and non-varus alignment strata, and a multiplicative
interaction term was added to the model. Results from each logistic regression model are
reported as odds ratios (ORs) with associated 95% confidence intervals (Cls). Statistical
analyses were performed using SAS version 9.3 (SAS Institute Inc., Cary, NC).

Of 2 768 participants in the MOST 60-month clinic visit, 2 049 met eligibility criteria for
completion of the gait exam. Of these, 1 007 subjects had readable videos for assessment of
knee thrust along with readable MRIs at 60-month (baseline) and 84-month follow-up visits.
These 1 007 subjects contributed one knee each (Fig. 2), with a total of 5 035 knee sub-
regions available for the subregion-based analysis. At baseline, 85 sub-regions had maximal
WORMS scores for cartilage damage while 44 sub-regions had maximal scores for BML;
these sub-regions were excluded from analyses of worsening damage. Varus thrust was
observed in 29.9% of eligible knees. Of the 301 knees with thrust, 161 (53.5%) were graded
as thrust “definitely present on any steps” and 140 (46.5%) were graded as thrust “probably
present on all steps.” Characteristics of the study sample are presented in Table I. Subjects
with varus thrust were slightly older than subjects without thrust (P = 0.046), and the
proportion of males to females was higher in the group with thrust than in the group without
thrust (< 0.000 1). A larger proportion of knees with thrust had radiographic tibiofemoral
OA (defined as Kellgren—Lawrence grade = 2) compared to knees without thrust (= 0.000
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7), and the mean HKA angle in knees with thrust was more varus than in knees without
thrust (P<0.000 1).

As shown in Table Il, knees with varus thrust had 2.17 times the odds of medial
compartment BML incidence at 2 years (95% Cl: 1.51, 3.11) after adjusting for covariates.
However, there was no statistically significant association between varus thrust and incident
medial cartilage damage. Knees with varus thrust had 2.51 times the odds of medial BML
worsening (95% CI: 1.85, 3.40) and 1.85 times the odds of worsening medial cartilage
damage (95% CI: 1.35, 2.55) after adjusting for covariates. Further adjustment for baseline
Kellgren-Lawrence grade attenuated these results somewhat, but did not alter either their
direction or statistical significance. Results were similar when a stricter definition of
worsening (at least a full grade WORMS increase) was applied (results not shown).

To determine whether the relationship between thrust and MRI outcomes was modified in
the presence of static varus alignment, we repeated each of the main analyses within
separate strata of varus and non-varus HKA alignment and introduced an interaction term
into our multivariable regression model. Of 1 007 knees, 576 were varus aligned, and 431
were non-varus (236 were neutral and 195 were valgus). After adjusting for covariates, we
found statistically-significant increased odds of incident medial BMLs (OR 2.62; 95% ClI:
1.67, 4.10), worsening medial BMLs (OR 2.44; 95% Cl: 1.74, 3.42) and worsening medial
cartilage loss (OR 1.89; 95% ClI: 1.30, 2.75) in varus knees with thrust compared to varus
knees without thrust. Among non-varus knees, however, while relationships were in a
similar direction, point estimates of the increased odds associated with thrust were of a
smaller magnitude and failed to achieve statistical significance (see Table I11). When
examined separately, neutral- and valgus-aligned knees showed no significant relationships
with these MRI outcomes (results not shown). The interaction test results were not
statistically significant for incident medial cartilage loss (P = 0.87), worsening medial BML
(P=0.12), and worsening medial cartilage loss (P = 0.40), though the results neared
significance for incident medial BML (P= 0.07).

Discussion

Varus knee thrust presence visualized during walking was associated with increased odds of
incident and worsening BMLs and with increased odds of worsening cartilage damage after
adjusting for age, sex, race, BMI, and clinic site. There was no statistically significant
association found between varus thrust and incident cartilage damage. It is important to note
that the assessment of thrust and our definition of “baseline” took place 60 months (5 years)
into the MOST study, and therefore these results are perhaps evidence of a “depletion-of-
susceptibles” effect, wherein knee sub-regions that had not developed cartilage damage by
that point in the MOST study were perhaps not likely to develop it at all. This same effect
would have had less influence on results pertaining to the risk that existing damage might
worsen in the presence of thrust.

In sensitivity analysis, we found that varus-aligned knees with thrust had increased odds of
incident and worsening BML and worsening cartilage damage compared to varus-aligned
knees without thrust. In contrast, the effect of thrust on risk of these outcomes was not
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statistically significant among non varus-aligned knees. These results are similar to the
findings of Chang et a/.3 who saw a three-fold increase in the odds of radiographic OA
progression in varus-aligned knees with varus thrust compared to varus-aligned knees
without thrust. Furthermore, Lo et a/# and lijima et a/19 reported that varus thrust was more
strongly correlated with knee pain than was static varus malalignment alone. Considered
together, these findings suggest that dynamic malalignment (i.e., thrust) has potential to
compound the trauma placed on the tibiofemoral joint by static malalignment.
Unfortunately, our test for statistical interaction may have been under-powered (evident by
wide Cls in the stratified analysis compared to the main analysis), and we could not confirm
that the effects of varus thrust on risk of structural damage are modified by the presence of
static knee malalignment.

Previous authors have found significant associations between varus knee thrust and knee
pain®19. Our findings of an association between thrust and incident and worsening BMLs
suggest a potential mechanism for the relation of thrust to knee pain. BMLs are correlated
with knee pain in OA20:21 and BMLs are hypothesized to be the source of this pain due to
the presence of nociceptive fibers in the bone marrow. BMLSs are thought to be the result of
ongoing local bone trauma associated with malalignment”-22, The repetitive loading created
by thrust could cause such an injury and elicit a pain response in bone. Further investigation
into the role of thrust in the development of knee pain is required.

Among knees without radiographic OA, Guermazi et a/® found a high prevalence of MRI
detected features, and Sharma er a/® found that worsening MRI lesions were associated with
incident radiographic OA over 3 years. In knees with OA, knees with medial BMLs had over
six times the odds of medial disease progression compared to knees without BMLs’. The
association of thrust with MRI lesions presents an opportunity to identify those without, but
at risk for, or at the early stages of radiographic knee OA.

Hunt and Bennell23 identified factors correlated with the peak KAM and therefore indicative
of increased knee joint loading that could be easily identified in the clinic. These factors
included body mass, tibial alignment, and walking speed. Visually-observed varus knee
thrust has been shown to be correlated with several quantitatively-derived gait variables
including external KAM, peak knee varus angular velocity, and peak knee varus angle
during stance?:32425_ \/isual detection of varus thrust is another reliable alternative to
expensive gait analysis to detect increased loading to the medial knee joint.

OA risk factors resulting from increased mechanical loading are potentially modifiable using
noninvasive and inexpensive therapies?:2”. Hunt et a/2 employed various gait-related
interventions (increased toe-out, ipsilateral trunk lean, custom-made orthotics, and lateral-
wedge insoles) known to reduce medial joint load in a single subject with varus thrust.
While thrust was still evident following these modifications, the magnitude of the thrust as
well as the peak KAM was reduced in response to increased toe-out and trunk lean. Bennell
et al?8 found that a neuromuscular exercise regime focusing on trunk and lower extremity
position and movement quality improved pain and physical function in those with thrust,
though thrust during the course of the exercise intervention was not assessed. As an
alternative to these methods that require the patient to adopt a new gait pattern or exercise
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regime, valgus bracing of the knee has also been shown to reduce medial knee loads and the
moments of force associated with varus thrust during walking?®. Further research regarding
the specific causes of knee thrust is necessary to better develop strategies to mitigate thrust.

This study’s strengths include the large sample size as well as its longitudinal design.
Limitations are those inherent to studies relying on visual assessment of gait. While visual
assessment of thrust from high-speed videos yielded high intra-rater reliability, conditions in
the clinic setting (e.g., lighting, camera angle relative to subject) as well as conditions of
MOST participants (e.g., body mass, walking a non-straight path) could have interfered with
our ability to accurately detect the presence of varus thrust. Chang et a/25 found that thrust
was not only related to peak knee varus angle, but also to peak knee varus angular velocity.
While the varus position of the knee can be visualized, it is not possible to accurately
estimate the varus angle or assess the angular velocity visually. The non-quantitative nature
of the thrust assessment also limits our ability to make conclusions about altered joint
loading. For these reasons, this method may not be ideal for precise assessment of the effects
of thrust-reducing interventions in clinical trials; however, our method for detecting thrust
(and subsequent OA risk) is likely similar to what might be employed in a clinic setting
where quantitative testing methods are not available. A second limitation is that thrust was
assessed by only one observer, and therefore this study lacks inter-rater reliability data.
Using a similar protocol to ours, lijima et a/19 reported good inter-rater reliability (x = 0.73)
for visual assessment of thrust. While we report strong intra-rater reliability, having multiple
readers with varying levels of experience would strengthen our findings. A third limitation is
that our static alignment subgroup analysis (i.e., test for interaction) may have been
underpowered. To increase power in our analysis, we combined neutral- and valgus-aligned
knees into one “non-varus” category; however, it would be of interest to examine the
relationships of thrust to MRI outcomes in these separate strata in a larger sample.

In summary, our results indicate that varus thrust is a risk factor for worsening cartilage loss
and BMLs, as well as for BML incidence. The odds of these outcomes persist in knees that
are already statically-varus aligned, suggesting that interventions to mitigate varus thrust
(and subsequent OA risk) should target these individuals.
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Fig. 1.
Assessment of varus thrust from high-speed video. The subject’s left knee is in a neutral

position during early stance (A), abruptly thrusts into varus during mid-stance (B), and then
returns to neutral during late stance (C). Dotted lines are for illustrative purposes only and
do not represent actual joint angles.
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3026 MOST subjects at baseline

258 subjects did not participate in 60-
month visit.

2768 subjects with 60-month clinic visit

719 subjects were excluded from gait
exam.

2049 subjects with 60-month gait exam

172 subjects did not have readable gait
video data.

1877 subjects with thrust data in one or both knees

870 subjects did not have MRIs read at
both 60 and 84 months (due to
contraindications for MRI, e.g.).

1007 subjects with 60- and 84-month MRI readings in one knee

Fig. 2.
Study subject selection flowchart.
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Table |

Demographics of study participants (7= 1 007 subjects contributing 1 knee each)

With varus thrust (n = 301)

Without varus thrust (n = 706)

Age, years (mean £ S.D.) 67.4+7.6
Sex (% female) 49.8
Racial background

- White/caucasian (%) 93.7

- Black/African American (%) 53

- Other (%) 1.0

BMI, kg/m? (mean = S.D.) 29.8+4.9
Site (% Alabama) 32.7
Radiographic tibiofemoral OA (%) 455

-KL =2 (%) 16.6

-KL =3 (%) 22.9

-KL =4 (%) 6.0

HKA Angle, degrees (mean + S.D.) 1775+3.2

66.4+7.5
67.8

90.9

8.1

1.0
29347
41.2

34.2

18.8

145

1.0
179.0+3.0

Defined as Kellgren—Lawrence (KL) grade > 2.
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