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Eight-year trajectories of malalignment progression in symptomatic
knee osteoarthritis
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Abstract \
Background: Although various therapies have been developed to treat malalignment in osteoarthritic knees, the pattern of
malalignment progression is still unclear. This study aimed to identify homogeneous subgroups with distinct trajectories of
malalignment progression in subjects with symptomatic knee osteoarthritis (KOA) and to determine corresponding risk factors.
Methods: Eight-year follow-up (from 2004 to 2012) data on 1252 participants with symptomatic KOA from the Osteoarthritis
Initiative were included. Varus/valgus angle progression was characterized by group-based trajectory models. Time-varying
covariates were introduced into the model to investigate how they affected trajectories. Multinomial logistic regression for
trajectory group membership was applied to ascertain risk factors.

Results: Five subgroups were identified. Participants in the varus worsening trajectory (7 = 166) or valgus worsening trajectory
(n=118) proceeded to worsen malalignment over time. The neutral trajectory (n=378), varus stable trajectory (n=328), and
valgus stable trajectory (7 =262) maintained close to the initial varus/valgus angle over 8 years. Higher baseline Kellgren and
Lawrence grade (odds ratio [OR]=4.35, P <0.001 for varus; OR=3.85, P<0.001 for valgus) and “severe” baseline
malalignment (OR =13.57, P < 0.001 for varus; OR =23.04, P < 0.001 for valgus) were risk factors for worsening trajectories.
The cutoff point of the baseline varus/valgus angle to discriminate between stable or worsening trajectory was —4.5° for varus and
3.6° for valgus.

Conclusions: This study identified the malalignment progression pattern — minor malalignment (—4.5° to +3.6°) tends to remain
stable, while major baseline malalignment is likely to progress. This provides a reference for therapy to prevent malalignment from
deteriorating and emphasizes the necessity of determining the trigger factors for malalignment onset.
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Introduction

Malahgnment may be a cause or result of knee osteoarthritis
(KOA).I"" As a cause theeffectofmalahgnmenton KOA has
been well established. Knee varus or valgus increases the
risk of osteoarthritis incidence!>*! and progression!'!in the
corresponding load-adding compartment. In addition,
malalignment acts as a mediator between osteoarthrltls
progression and known risk factors, including obesity,*
weak quadriceps strength,’! and stage of osteoarthritis.!®!
Therefore, malalignment is seen as a valuable therapeutic
target for KOA, and various surgical and non-surgical
management strategies have been developed.

Regardless of the goal for treating malalignment —
including correcting existing malalignment or preventing
future progression — the mechanism of knee malalignment
development and deterioration should be investigated first.
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Compared with genetic, developmental, or post-traumatic
malalignment, KOA-induced malalignment (or malalign-
ment progression) deserves more focus due to its critical role
in the vicious cycle of KOA malalignment, appropriateness
for prospective research, and huge potential for prophylac-
tic management. However, no previous studies have
investigated how malalignment proceeds in KOA patients
or those who are at risk of malalignment deterioration.
These questions are valuable for several reasons, including
better understandlng the vicious cycle of malahgnment and
KOA,!”! developing more effective non-surgical treatments
stratified by different malalignment trajectories,® and
selecting the appropriate surgical window for those with
rapidly worsening varus/valgus knees.

Group-based trajectory modeling (GBTM) is a statistical
method”!®! for analyzing behavioral, biological, or
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physical trajectories, that is, for the evolution of an
outcome over age or time. Using this method, time
information from longitudinal data was sufficiently
utilized, and subgroups with different trajectories were
determined. Unlike standard statistical approaches that
analyze individual variability against the background of
the mean population trend, GBTM characterizes sub-
groups that follow distinctive trajectories, even though
subgroups are sometimes not identifiable ex-ante based on
individual characteristics.!"!! This study aims to illustrate
the different progression trajectories of malalignment in
symptomatic KOA and determine risk factors for
unfavorable trajectories.

Methods

Ethical approval

Ethical approval was obtained by the Osteoarthritis
Initiative (OAI) project. The registry number was
NCT00080171 (clinicaltrials.gov). All participants signed
the informed consent during the OAI project.
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Subjects

From the pool of OAl participants (https:/nda.nih.gov/oai),
1252 subjects with both symptomatic KOA at enrollment
and femur tibia angle (FTA) measurements from at least two
different visits were included in this study. Symptomatic
KOA was defined as knees that have both of the following;:
(1) Frequent knee symptoms in the past 12 months, defined
as “pain, aching or stiffness in or around the knee on most
days” for at least 1 month during the past 12 months. (2)
Radiographic knee OA, defined as definite tibiofemoral
osteophytes (Osteoarthritis Research Society International
atlas grades I-IIL,!"?! equivalent to Kellgren and Lawrence
[KL] grade >2) on the fixed flexion radiograph.

For those subjects with two symptomatic knees, the knee
with a higher KL grade (or the left knee was selected if the
KL grades were equal) was selected for this study.

Subjects with alignment measurements at fewer than two
different timepoints or presenting abnormally large
alterations in a short time (>10°in 1 year) were excluded
[Figure 1].

(n=4796)

Osteoarthritis Initiative Cohort

A 4

Subjects with at least one
symptomatic OA knee
(n=1391)

A 4

Subjects with serial FTA
measurement
(n=3088)

\ 4

(n=1302)

Symptomatic KOA with serial

FTA measurement

Exclusion criteria

A 4

» Less than two measurements (n=43)

Change over 10 degree in 1 year (n=7)

(n=1252)

Included in analysis

}

Number at different time point
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Figure 1: Flowchart of screening-eligible subjects. FTA: Femur tibia angle; KOA: Knee osteoarthritis; M: Month.
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Alignment measurement

Standard posteroanterior fixed-flexion knee radiographs
were acquired at baseline, 12-, 24-, 36-, 48-, 72-, and 96-
month visits. A newly developed software method was used
to measure FTA.!"* This method mitigated some difficulties
associated with previous FT A measurements and had higher
intra-reader and inter-reader reproduc1b1ht¥ and a stronger
correlation with hip knee ankle angle.''*! The software
method is based on a dimensionless Cartesian coordinate
system, with a line tangent to the distal margin of the medial
and lateral femoral condyles as the x-axis, and a line
perpendicular to the x-axis and tangent to the medial margin
of the medial femoral epicondyle as the y-axis. The abscissa
of the most lateral point of the lateral femoral epicondyle
was set as 1.00. The femur axis was defined as a line
perpendicular to the x-axis, with abscissa = 0.50. The tibial
axis was determined by two midpoints of the medial and
lateral sides of the tibial shaftat 1 and 10 cm below the tibial
plateau. Valgus FTA was set as positive, while varus FTA
was set as negative. The hip-knee-ankle (HKA) (varus/
valgus angle) was calculated by the equation varus/valgus
angle=1.01 FTA + 4.3.'

Time-varying covariate and baseline risk factors

Since previous studies on malalignment etiology and
progression were lacking, we assumed that malalignment
was related to compartment width decrease and individual
activity level. Using the above coordinates, the medial
compartment was located between x =0.15 and x = 0.30,
and the lateral compartment was located between x = 0.70
and x=0.90."" The width at the midpoint of each
compartment was chosen to represent each compartment.
The ratio of lateral compartment width/medial compart-
ment width was used to reflect compartment-unbalanced
KOA progression.

Data about potential risk factors were collected, including
side, sex, race, body mass index, age, The Western Ontario
and McMaster Universities Osteoarthritis Index (WOMAC)
pain score, WOMAC total score, Physical Activity Scale for
the Elderly (Pase score), 12-Item Short Form Survey (SF-12):
physicalscale, SF-12: mental scale, Center for Epidemiologic
Studies Depression Score, KL grading, presence of bumps
in hand joints, family history of knee replacement, knee
injury history, knee surgery history, extensor strength,
and flexor strength. Due to the limited sample size, only
factors selected based upon clinical experience or having a
significant odds ratio (OR) in univariable logistic regression
were included in the multinomial analysis to investigate
whether they predicted group membership.

Statistical analysis

Group-based trajectory models were built via the Stata
Traj plug-in (https://www.andrew.cmu.edu/user/bjones/)
in Stata (version 14, Stata Corp., College Station, TX,
USA"®Nwhich uses a discrete mixture model to model
longitudinal data. The time metric was follow-up months,
and the outcome was malalignment (varus/valgus angle).
Malalignment trajectories over 8 years were identified and
modeled with a censored normal distribution. We iteratively
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compared three to seven trajectories and allowed for up to
a fourth-order polynomial in each trajectory. The final
number of trajectories was dec1ded based on the Bayesian
1nformat10n criterion (BIC)!'® and parsimony to the extent
possible.!'”! Average posterior probabilities were used to
test the model fitness, with a value above 70% indicating
optimal fit.!”! Then, time-varying covariates were intro-
duced into the model to determine how they affected
the trajectories. After that, multinomial analysis of baseline
covariates was applied to investigate whether those
covariates predicted the trajectory group membership
assigned by the highest probabilities. These procedures
followed the standard three-step method.!!

Results

The study cohort was composed of 1252 participants with
symptomatic KOA and at least two FTA measurements at
an 8-year follow-up. After converting FTA to the varus/
valgus angle, the median baseline varus angle of the 859
patients was —2.9°, while the median baseline valgus angle
of the 393 patients was 2.0°. Detailed characteristics of the
included subjects are presented in Table 1.

A five-trajectory model produced higher BIC values than
models with fewer trajectories. A five-trajectory model
had almost the same trends as models with six or seven
trajectories but was more parsimonious [Supplementary
Table 1, http:/linksIlww.com/CM9/A977]. The average

Table 1: Basic characteristics of included subjects of symptomatic
knee osteoarthritis.

Characteristics Values

n 1252

Side (right/left) 526 (42.0)/726 (58.0)
Sex (male/female) 556 (44.4)/696 (55.6)
Race (White or Caucasian/non-White) 894 (71.4)/358 (28.6)

Mean BMI (kg/m?) 30.11+5.10
Mean age (years) 61.34+9.08
Median WOMAC pain score, (range) 4 (0-20)
Median WOMAC total score, (range) 2 (0-96)

46.21 (14.81-67.76)
55.51 (10.33-69.84)
5 (0=55)

597 (47.7)/465
(37.1)/190 (15.1)
860 (68.7)/386 (30.8)

Median SF-12: physical scale, (range)
Median SF-12: mental scale, (range)
Median CES-D score, (range)

KL grading (Grade 2/3/4)

Bumps in hand joint (No/Yes)

Family history of knee replacement 201 (16.1)
Knee injury history 523 (41.8)
Knee surgery history 372 (29.7)

584 (46.6)/424
(33.9)/243 (19.4)
937 (74.8)/219
(17.5)/95 (7.6)
) 327.58 +133.69
168.16 +69.73
859/393

Medial joint space narrowing
(Grade 0/1-2/3)

Lateral joint space narrowing
(Grade 0/1-2/3)

Mean extensor strength (N

Mean flexor strength (N)

Baseline malalignment (varus/valgus), 7

Data was presented by mean + SD, 7 or 7 (%). BMI: Body mass index;
CES-D: Center for Epidemiologic Studies Depression; KL: Kellgren and
Lawrence; SF-12: 12-Item Short Form Survey; WOMAC: Western
Ontario and McMaster Universities Osteoarthritis Index.
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posterior probabilities were above 0.70, indicating a good
fit. The five-trajectory model was recalculated, including
time-varying covariates (Pase score and the ratio of lateral
compartment width to medial), and the shape of the
trajectory plot was similar to the original model without
adjustment.

There were five distinct trajectories among the 1252
subjects. A total of 30.2% of subjects (n=378) had a
trajectory with almost neutral alignment at baseline and
almost no deterioration afterward (neutral group). A total

WWW.CImj.0rg

of 26.2% of subjects (n=328) had a trajectory with slight
varus malalignment but no obvious deterioration over
8 years (varus stable group). A total of 20.9% of subjects
(n=262) had a trajectory with slight valgus malalignment
but no obvious deterioration over 8 years (stable valgus
group). A total of 13.3% of subjects (7=166) had a
trajectory with obvious baseline varus malalignment
and obvious sequential worsening (varus worsening group).
A total of 9.4% of subjects (7=118) had a trajectory
with obvious valgus baseline malalignment and obvious
sequential worsening (valgus worsening group) [Figure 2A].
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Figure 2: (A) Malalignment progression trajectory plot of Included subjects. (B) Individual malalignment changes among subjects in different trajectories. Cl: Confidence interval.
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Individual subject trajectories are presented in Figure 2B,
with a regression line for each group to show the trends.

The estimated coefficients for time and time-varying
covariates for each group are displayed in Table 2. In the
varus worsening group, at a given time point, each unit
increase in Pase score was associated with the worsening
of varus, but the Pase score seemed to have no statistically
significant effect in other groups. For joint width lateral
(JWL)/joint width median (JWM), each unit increase was
associated with a larger value in the varus/valgus angle in
all five groups.

Table 3 presents the ORs of group membership by baseline
predictors. For varus knees, KL grade >2 and more severe
varus at baseline were associated with a higher risk of varus
worsening group membership relative to the varus stable
group (for KL grade >2, OR=4.35, 95% confidence
interval [CI]=[2.27, 8.33], P <0.001; for more severe
varus knees, OR=13.57, 95% CI=[5.71, 32.24],
P < 0.001). Similarly, KL grade >2 and more severe valgus
at baseline were associated with a higher risk of valgus
worsening group membership relative to the stable valgus
group (for KL grade >2,OR = 3.85,95% CI =[2.08,7.14],
P < 0.001; for more severe valgus knee, OR =23.04, 95%
Cl=[6.86,77.41], P < 0.001). In addition, the non-White
race was a protective factor against valgus worsening
(OR=0.50,95% CI=[0.26, 0.94], P < 0.03).

Since the varus/valgus angle was a continuous variable, the
cutoff point of the baseline varus/valgus angle between the
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stable and worsening trajectories could be determined by
the receiver operating characteristic (ROC) curve. A varus
angle of —4.5° had the maximum value of the Youden
index in varus knees. Similarly, a valgus angle of 3.6°
showed the maximum value of the Youden index in the
valgus knee [Supplementary Figure 1, http://links.lww.
com/CM9/A975].

Considering heterogeneity from the extra-articular
deformity or traumatic KOA, we repeated the analysis
after excluding the participants with a knee injury or
surgery.

The main results and conclusion were almost the same
[Supplementary Figure 2, http:/links.lww.com/CM9/
A976, and Table 2, http:/links.lww.com/CM9/A976].

Discussion

Malalignment is a critical factor in KOA incidence and
progression and is therefore targeted in various KOA
therapies. However, the malalignment progression trajec-
tory is still unclear, leading to some difficulty in selecting
the appropriate therapies for patients. The study’s main
finding was that knees with neutral or slight malalignment
tended to remain stable in alignment, while knees with
malalignment past thresholds (—4.5° for varus and 3.6°
for valgus) tended to suffer deterioration of malalignment.
In addition, higher initial OA grade and compartment-
unbalanced KOA progression were risk factors for
malalignment worsening.

Table 2: Parameter estimations for alignment trajectories (adjusted with time-varying covariates).

Varus progression Varus stable Neutral Valgus stable Valgus progression
Variable Parameter P Parameter P Parameter P Parameter P Parameter P
Intercept —4.888 <0.001 -2.300 <0.001 1.668 <0.001 4.861 <0.001 6.776 <0.001
Month —0.026 <0.001 —0.008 <0.010 0.001 0.608 0.005 0.066 0.028 <0.010
Month? <0.001 <0.050 <0.001 0.098 <0.001 0.900 <0.001 0.638 <0.001 <0.050
JWL/JWM —0.054 <0.001 —-0.281 <0.010 —1.844 <0.001 —-2.903 <0.001 —2.224 <0.001
Pase score —0.002 <0.010 <0.001 0.641 <0.001 0.815 <0.001 0.887 0.001 0.351

JWL: Joint space width of the lateral compartment; JWM: Joint space width of the medial compartment. Month?: The square of month, that is, the

quadratic term in the multinomial model.

Table 3: Baseline factors associated with trajectory group membership.

Varus progression to varus stable

Valgus progression to valgus stable

Baseline variable OR (95% CI) P value OR (95% CI) P value
Obesity 0.90 (0.58, 1.38) 0.63 0.77 (0.44,1.36) 0.38
Male 1.51 (0.97, 2.35) 0.06 0.80 (0.43, 1.49) 0.49
Older age 0.87 (0.56, 1.36) 0.56 0.82 (0.45, 1.49) 0.53
Non-Whites 0.67 (0.39, 1.14) 0.14 0.50 (0.26, 0.94) 0.03
With hand osteoarthritis 1.28 (0.81, 2.04) 0.28 1.14 (0.62, 2.11) 0.66
With knee injury history 1.22 (0.75, 1.99) 0.42 1.11 (0.58, 2.10) 0.74
With knee surgery history 1.06 (0.64, 1.76) 0.80 0.69 (0.34,1.40) 0.31
Higher KL grade (3 or 4) 4.35 (2.27, 8.33) <0.001 3.85 (2.08, 7.14) <0.001
More varus/valgus (than median) 13.57 (5.71, 32.24) <0.001 23.04 (6.86, 77.41) <0.001

KL: Kellgren and Lawrence; OR: Odds ratio.
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This pattern of progression might be explained by the
compensation of soft tissues. When minor knee varus/
valgus occurs, the medial/lateral collateral ligaments and
other soft tissues are stretched shghtly and become tensed,
preventing further varus worsening."'”! However, when
the elongation of the ligaments (or other soft tissue)
surpasses the tensile limits,*?! the compensatory mecha-
nism fails, which leads to continuous worsening.

This study provided additional evidence for the vicious
cycle of KOA malalignment. In the valgus worsening
trajectory, a decrease in JWL/JWM, which indicated that
relatively more lateral progression had occurred, was
associated with an increased valgus angle. In the varus
worsening trajectory, an increase in JWL/JWM, which
indicated that relatively more medial progression had
occurred, was associated with a decrease in the varus
angle. Notably, a decrease in the varus angle meant that
the varus had worsened since the varus angle Was negative
This result was consistent with Hunter et al’s!*'! study,
which reported an association between the change in joint
space narrowing and the change in alignment. We also
found that a higher baseline KL grade was a risk factor
for malahgnment worsening. Similarly, Hunter et al’s
study!®?! demonstrated that cartilage loss, meniscal
degeneration and position, osteophytes, bone attrition,
and ligament damage were associated with variance in
malalignment. Previous studies focused only on concur-
rent OA progression and malalignment progression or
conducted simple cross-sectional observations, providing
no information on causative relationships. We analyzed
the baseline K1 grade and sequential malalignment
worsening and determined that a higher KL grade was
a risk factor for malalignment worsening.

The trajectories of malalignment progression suggested a
pattern of inertia, that is, mild malalignment remained
stable over time, while malalignment past a specific
threshold worsened A pattern of inertia was proposed by
Felson et al'**! in the structural progression of KOA to
describe how knees that had been experiencing radio-
graphic deterioration were likely to further worsen, and
knees that had been stable would remain stable. Similar
inertia patterns in KOA structural progression and
malalignment progression strongly suggest the possibility
of a close bidirectional relatlonshlp in the vicious cycle.
Waller et al®¥ proposed that the vicious KOA-malalign-
ment cycle may overwhelm any attempt, regardless of
direct cartilage repair or disease-modifying pharmaco-
therapy, or at least make it increasingly difficult, to cease
progression once the disease is well established. Therefore,
it is critical to detect trigger factors for malalignment
progression and halt the vicious cycle at the initial stage.
This study found that a varus of —4.5° and a valgus of 3.6°
were the cutoff points for stable and worsening trajecto-
ries. However, this study could not determine how
baseline varus/valgus had formed. It was inferred that
some of the initial deformities were inborn, and some were
triggered by injury (overt or covert); further studies
focused on varus/ valgus etiology are required.

This study could provide a reference for malalignment
therapy candidate selection. Malalignment therapy mo-
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dalities range from simple and non-invasive to complex
and invasive procedures, including neuromuscular train-
ing, gait modification, foot orthoses, knee braces, cartilage
transplantation, high tibial osteotomy, and joint distrac-
tion surgery. However, ideal candidates for specific
therapies remain to be determined.!®*°! Malalignment
treatment strategies include preventing the initial disease
or progression, unloading the related compartment, or
correcting the malalignment. The identification of the
malalignment trajectory in this study could provide some
theoretical basis for these therapies, especially for
preventing worsening, since the greater the degree of
malalignment, the more ra]t)ld the cartilage degradation
and functional impairment.

There were some limitations to this study. First, trigger
factors that initiated malalignment were not investigated
because most varus or valgus deformities in this study had
formed before enrolment, and newly developed malalign-
ment was infrequent among the included subjects. Studies
on malalignment onset are still required. Second, the
varus/valgus angle was calculated from the FTA. Although
FTA had been used in many studies to calculate the varus/
valgus angle, there was still some inaccuracy in subjects
with abnormalities in the lower limbs. Third, some
subjects did not receive FTA measurements at 72 and
96 months due to withdrawal or arthroplasty, reducing
the sample sizes of the varus worsening trajectory and
valgus worsening trajectory between 48 and 96 months;
therefore, the corresponding trends at this period might be
less reliable. Fourth, a tiny minority of subjects suffered an
extremely rapid worsening, which has important clinical
significance but was not separately analyzed in the study.
This study only examined general trajectories, and those
specific cases should be researched in more focused
studies. Fifth, a few participants with minor varus or
valgus experienced an inversion of malalignment at the
follow-up; the small varus or valgus detected might be
natural or from measuring error. Sixth, the malalignment
of one knee might also be affected by the other knee, and
this interaction was not considered in this study.

Conclusion

Malalignments in varus knees over —4.5° and valgus knees
over 3.6° tended to deteriorate, while neutral or slightly
misaligned knees were likely to maintain stable alignment.
Non-White race and higher KL grade were risk factors for
malalignment worsening. The triggers for initial malalign-
ment and effective treatment to prevent malalignment
worsening need to be studied in the future to halt the
vicious cycle of KOA malalignment.
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