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ORIGINAL ARTICLE

Comparison of Gait Characteristics Between
Patients With Nontraumatic and Posttraumatic
Medial Knee Osteoarthritis
SHAWN M. ROBBINS,1 TREVOR B. BIRMINGHAM,2 IAN C. JONES,3 EMILY L. SISCHEK,4

MAREIKE DIETZSCH,4 AND J. ROBERT GIFFIN2

Objective. To compare knee kinematics and kinetics during walking in patients with posttraumatic versus nontrau-
matic medial compartment knee osteoarthritis (OA).
Methods. Participants with medial compartment knee OA were classified as nontraumatic (n 5 122) or posttraumatic (n 5 93)
based on evidence of previous anterior cruciate ligament tear, confirmed arthroscopically. Kellgren/Lawrence severity scores
and mechanical axis angle (MAA) were determined from radiographs. Knee flexion and adduction angles and external
moments were calculated from gait analysis using a 3-dimensional optical motion capture system and force plate. Peak values
were identified and principal component (PC) analysis determined waveform characteristics (PC scores). Linear regression
models examined whether the OA group (posttraumatic or nontraumatic) predicted peak values and PC scores after controlling
for age, gait speed, and severity. Models were repeated with and without controlling for MAA.
Results. The knee OA group was a significant predictor of peak knee adduction angles (P 5 0.04) and moments (P 5 0.05).
Similarly, it was a significant predictor for some knee adduction angle (P 5 0.02 to 0.64) and moment (P 5 0.02 to 0.25) PC
scores. The nontraumatic OA group had higher adduction angles and moments. There were no significant relationships
between OA group and knee flexion angles and moments. After controlling for MAA, only one significant relationship
remained between knee adduction moment shape characteristics and OA group.
Conclusion. Frontal plane knee kinematics and kinetics during walking differ between patients with posttraumatic versus
nontraumatic medial compartment knee OA, with posttraumatic OA showing relatively decreased adduction.

INTRODUCTION

Knee osteoarthritis (OA) is a prevalent condition affecting

16% of adults ages .45 years and most commonly affect-

ing the medial compartment of the tibiofemoral joint (1,2).

Numerous risk factors for OA initiation and progression

are known, including prior trauma such as an anterior cru-

ciate ligament (ACL) rupture (3). Differences in disease

characteristics exist between patients with and without a

history of trauma (posttraumatic and nontraumatic knee

OA, respectively) (4). Although both knee OA subgroups

experience joint deterioration, the pathways to end-stage
disease might differ.

Nontraumatic and posttraumatic OA knees are biologically
and radiographically different. Nontraumatic knee OA was
associated with radiographic joint space narrowing and
osteophytes predominantly in the medial compartment,
while changes were equally distributed between medial and
lateral compartments for posttraumatic knee OA (4). Magnet-
ic resonance imaging demonstrated increased meniscal
derangement and bone marrow lesion in the lateral knee
compartment in posttraumatic knee OA compared to non-
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traumatic knee OA (5). Posttraumatic knee OA was associated
with decreased synovial fluid viscosity and increased activity
from a synovial fluid antioxidant enzyme compared to non-
traumatic knee OA (6). Differences in treatment response
have also been reported for these subgroups. For example, a
randomized controlled trial found that patients with post-
traumatic knee OA demonstrated greater improvement in
physical function in response to brace wear compared to non-
traumatic knee OA (7). Thus, differences exist between non-
traumatic and posttraumatic knee OA for some disease
characteristics, and future work should compare other dis-
ease markers to fully understand the impact these differences
have on clinical outcomes.

Gait characteristics have been linked to medial compart-

ment knee OA progression. The external knee adduction

and flexion moment, suggested proxies for mediolateral load

distribution and net muscular contributions to load, respec-

tively, are related to future structural changes (8–11).

Although numerous studies have analyzed knee OA gait

(12), we are unaware of comparisons between patients with

nontraumatic and posttraumatic knee OA. Considering that

previous work demonstrated variations in disease character-

istics between nontraumatic and posttraumatic knee OA,

similar differences may exist in gait mechanics. These differ-

ences in knee-joint mechanics could influence knee OA ini-

tiation or progression and response to treatment. Therefore,

the purpose of the present study was to compare knee kine-

matics and kinetics during ambulation between nontrau-

matic and posttraumatic medial compartment knee OA.

PATIENTS AND METHODS

Sample. Potential study participants were identified from

an ongoing registry of gait data at the Fowler Kennedy Sport

Medicine Clinic (13). Patients with knee OA had completed

gait testing and had undergone a knee diagnostic arthroscopy

as part of performing a tibial or femoral osteotomy, with the

potential for additional procedures, including ligament

reconstruction and partial resection of unstable meniscal

tears. Patients in the registry (n 5 366) were included in the

present study if they were ages 18–80 years, were diagnosed

with knee OA by an orthopedic surgeon (JRG), had degenera-
tive changes (identified on radiographs or during arthroscopy)
in the medial knee compartment that were more severe or at
least as severe as the lateral knee compartment, and had a
Kellgren/Lawrence knee OA radiographic disease severity
score between 1 and 4 (14,15). Exclusion criteria included pre-
vious total knee joint replacement, osteotomy or epiphysiode-
sis of either knee, diagnosis of a neurologic condition, and
inadequate information to classify into nontraumatic or post-
traumatic knee OA. A post hoc analysis included a separate
sample of patients with an ACL tear but without knee OA
(ACL only), who underwent a gait analysis prior to ACL
reconstruction. Informed consent was obtained from all par-
ticipants prior to study enrollment. Research ethics approval
was obtained from Western University Health Sciences
Research Ethics Board, and the study was conducted in com-
pliance with the Helsinki Declaration.

A chart review classified participants into either nontrau-
matic or posttraumatic knee OA groups. Nontraumatic knee
OA was defined as being diagnosed with knee OA and hav-
ing no previous traumatic event affecting the knee joint.
Posttraumatic knee OA was defined as being diagnosed with
knee OA plus a previous ACL rupture (with or without con-
comitant injury or reconstruction). Participants with other
injuries but without a confirmed ACL tear were excluded to
produce a more homogenous sample. Preoperative history
reports and operative reports dictated by the surgeon were
read by one of the investigators (SMR). The reports were
searched for confirmation of knee OA and evidence of previ-
ous knee trauma, including ligament rupture, fracture, or
osteochondritis dissecans. A second investigator (ELS)
examined 30 randomly selected charts to determine the level
of agreement in assigning eligibility and categorizing pa-
tients as having nontraumatic or posttraumatic knee OA.

The chart review led to the exclusion of potential partici-
pants for the following reasons: no tibiofemoral osteophytes
or articular cartilage fibrillation present on arthroscopy
(n 5 36), previous contralateral tibial or femoral osteotomy
(n 5 32), arthroscopy not performed (n 5 31), degenerative
changes greater in the lateral compartment (n 5 19), trauma
that did not include ACL rupture (n5 14), missing radio-
graphic information (n 5 7), previous ipsilateral tibial or
femoral osteotomy (n 5 6), previous hemiepiphysiodesis
(n 5 1), and inadequate information to classify participants
(n 5 5). The remaining participants with knee OA had no
history of knee trauma or had a previous ACL tear (including
28 who had undergone ACL reconstruction and 6 who had
concomitant posterior cruciate ligament injury). Demograph-
ic descriptors for these nontraumatic (n 5 122) or posttrau-
matic (n 5 93) knee OA groups, as well as the group with
ACL tears with no knee OA (ACL only, n5 135) used in the
post hoc analysis, are shown in Table 1. The ACL-only
group had a mean 6 SD time since ACL injury of 272 6 323
days. Injury dates were not available for 8 participants.

Participants underwent standing anteroposterior hip to
ankle radiographs. Radiographic disease severity was deter-
mined for medial and lateral knee compartments separately,
using the Kellgren/Lawrence disease severity scores (15).
The mechanical axis angle (MAA) was also determined from
the radiographs, with negative values representing varus
knee alignment and positive values representing valgus

Significance & Innovations
� Nontraumatic versus posttraumatic knee osteoar-

thritis (OA) type accounts for variations in knee
adduction angles and moments during gait.

� Nontraumatic medial knee OA is associated with
increased knee adduction angles and external
moments during gait.

� Nontraumatic medial knee OA is associated with
more varus alignment, which accounts for most
of the differences in gait.

� These differences in gait biomechanics should
be considered when investigating biomechanical
risk factors and intervention strategies.
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knee alignment (16). Pain intensity was assessed using the

numerical pain rating scale (where 0 5 no pain and

10 5 pain as bad as it can be) prior to gait analysis.

Gait analysis. Participants underwent gait analysis prior

to surgery, using 3-dimensional optical motion capture

(Motion Analysis Corporation), sampled at 60 Hz, and syn-

chronized force plate (Advanced Mechanical Technology),

sampled at 1,200 Hz. Procedures for gait analysis were previ-

ously described with evidence of reliability (17,18). Twenty-

two reflective markers were attached to participants over

boney landmarks according to a modified Helen-Hayes

marker configuration (17). Four additional markers were

placed over medial knees and medial malleolus bilaterally

for a static trial to calculate joint centers. Body mass was also

determined from the static trial. Participants then ambulated

barefoot at self-selected speeds over 8 meters, and 2 practice

trials were performed. Five successful ambulation trials,

each with an adequate force plate strike, were collected.

Data processing. Positional marker data were processed

and filtered using a fourth order Butterworth filter with a 6-Hz

cutoff frequency (EVaRT 4.0, Motion Analysis Corporation).

Knee joint angles were calculated using previously described

anatomic coordinate systems and external moments were

determined using inverse dynamics (Orthotrak 6.2.4, Motion

Analysis Corporation) (17). Gait waveforms were time nor-

malized to 100% of stance and included knee angles and

external moments in the sagittal (flexion) and frontal (adduc-

tion) planes. Knee moments were also amplitude normalized

Table 1. Group descriptors and discrete gait variables from knee angles and moments*

Variable

Nontraumatic
knee OA
(n 5 122)

Posttraumatic
knee OA
(n 5 93)

ACL only
(n 5 135)

Age, years 49 6 6† 41 6 9† 23 6 6

Height, meters 1.75 6 0.09 1.75 6 0.09 1.74 6 0.09

Mass, kg 91.40 6 16.95 91.97 6 20.45 78.22 6 18.60

Body mass index, kg/m2 29.64 6 4.74 29.93 6 5.60 25.85 6 5.18

Pain (range 0–10) 3 6 3 3 6 2 1 6 2

Women, no. 36 20 56

Gait speed, meters/second 1.08 6 0.20† 1.13 6 0.19† 1.13 6 0.15

Mechanical axis angle, degrees‡ 28.94 6 3.36† 26.76 6 4.09† –

Peak flexion angle midstance, degrees§ 14.53 6 7.77 14.52 6 6.75 14.64 6 5.57

Peak extension angle midstance, degrees§ 4.55 6 7.98 2.18 6 6.07 3.58 6 5.27

Peak adduction angle stance, degrees§ 7.76 6 4.28 5.25 6 5.54 0.09 6 3.49

Peak flexion moment midstance¶ 0.37 6 1.17 0.58 6 1.55 1.43 6 1.08

Peak extension moment late stance¶ 22.42 6 1.34 22.61 6 1.42 22.59 6 1.43

Peak adduction moment¶ 3.40 6 0.90 3.00 6 0.94 2.09 6 0.60

Adduction moment impulse# 1.61 6 0.50 1.39 6 0.51 1.37 6 0.52

Radiographic disease severity score**

0

Medial 0 0 –

Lateral 5 11 –

1

Medial 4 14 –

Lateral 49 38 –

2

Medial 32 35 –

Lateral 46 26 –

3

Medial 48 26 –

Lateral 18 17 –

4

Medial 38 18 –

Lateral 4 1 –

* Values are mean 6 SD, unless indicated otherwise. Frequency counts are provided for sex and radiographic disease severi-
ty scores. Radiographic alignment and disease severity were not graded for the ACL-only group. OA 5 osteoarthritis; ACL
only 5 group with an anterior cruciate ligament injury without radiographic knee osteoarthritis.
† Significant differences (P , 0.05) between knee OA groups on the group descriptors.
‡ Negative values represent varus alignment.
§ Positive values represent flexion or adduction and negative values represent extension or abduction.
¶ Percentage of body weight 3 height. Positive values represent flexion or adduction and negative values represent exten-
sion or abduction.
# Percentage of body weight 3 height 3 seconds. Positive values represent flexion or adduction and negative values repre-
sent extension or abduction.
** Radiographic disease severity scores are provided for medial and lateral knee compartments separately.
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to percent of body weight multiplied by height. Discrete vari-
ables identified from the gait waveforms for stance-phase
knee angles and moments, previously shown to be associated
with knee OA severity, were averaged from 5 gait trials (Table
1) (19,20). This averaging included variables during specific
gait phases (e.g., peak flexion angle during midstance) or max-
imum values from the entire stance phase (e.g., peak adduc-
tion moment).

Principal component (PC) analysis. In addition to
examining discrete gait variables, PC analysis was conducted
for each knee angle and moment. PC analysis reduces dimen-
sionality of waveform data and determines different wave-
form characteristics (21,22). First, ensemble waveforms from
the 5 gait trials, time normalized to 100% of the gait cycle,
were created for each participant. Ensemble waveforms for a
given angle or moment from all participants with knee OA
(n 5 215) were placed into matrix X (215 3 100). Eigenvec-
tors, also known as PCs, were extracted from the covariance
matrix of X. These PCs describe characteristics of angle or
moment waveforms, including amplitude, temporal, or
shape characteristics. Three PCs (PC1, PC2, and PC3) were
examined for each knee angle and moment because they rep-
resent the majority (.80%) of variability in the waveforms.
Next, ensemble angle or moment waveforms were scored
against their respective PC (PC scores) (22). PC scores are
indicative of how closely a participant’s angle or moment
waveform matches the shape of each PC. In total, 12 PC
scores were generated for each participant (3 PC scores per
angle/moment 3 4 angles/moments).

Statistical analysis. Using the randomly selected subset
of charts (n 5 30), kappa coefficients examined the decision
to include or exclude a participant. For those included in the
study, the decision to classify as nontraumatic or posttrau-
matic knee OA was also examined using a kappa coefficient.

Descriptive statistics were calculated for group descrip-
tors and discrete gait variables. Differences in the group
descriptors between knee OA groups were examined using
2-tailed independent t-tests and Mann-Whitney U tests for
parametric and nonparametric data, respectively. These
descriptors included age, body mass index, pain intensity,
gait speed, radiographic disease severity, and MAA.

Sequential forward linear regression analyses were con-
ducted to examine whether the knee OA group (nontraumatic
versus posttraumatic) could explain variance on discrete gait
variables and PC scores (dependent variables), while control-
ling for covariates. Two different regression models were
examined for each dependent variable. First, control vari-
ables, including age, gait speed, and disease severity, were
entered in the first step of the analyses for model 1. These con-
trol variables have previously shown a relationship to either
kinematic or kinetic gait variables (19,23). Differences in body
size were accounted for by normalizing joint moments as a
percentage of a participant’s body weight multiplied by
height. On the second step of the analyses, the knee OA group
was entered. The unstandardized regression coefficient with
95% confidence intervals, along with its t-statistic, were
examined for the knee OA group variable. It was considered
significant if the P value was less than 0.05, demonstrating
that the knee OA group accounted for variance in discrete gait

variables or PC scores. For the second model, analyses were
repeated with adding MAA as a control variable to determine
the effect of lower extremity alignment on the relationship
between gait variables and the knee OA group. MAA is a risk
factor for knee OA incidence and progression and accounts
for a significant amount of variance in the knee adduction
angle and moment (24,25). To examine the appropriateness of
the regression analyses, residuals were examined (e.g., histo-
grams), and collinearity statistics (e.g., variance inflation fac-
tors) were performed.

Following significant associations of peak knee adduc-
tion angle and moment with posttraumatic versus nontrau-
matic knee OA groups, a post hoc analysis also compared
these 2 variables among patients with an ACL tear but with-
out radiographic knee OA (ACL only). The absence of OA
for the ACL-only group was confirmed by standard radio-
graphs and arthroscopy at the time of ACL reconstruction.
Specifically, to investigate whether differences between the
knee OA groups could be explained by the presence of ACL
injury in the absence of OA, a one-way analysis of variance
(ANOVA) compared peak knee adduction angle and peak
knee adduction moment among the 3 groups (nontraumatic
knee OA, posttraumatic knee OA, or ACL only). Bonferroni
corrections accounted for multiple pairwise group compari-
sons. Similarly, group descriptors and significant PC scores
were compared between these 3 groups. The ACL-only
group was not included in the original PC analysis, but their
PC scores were calculated by comparing their ensemble
waveforms to the PCs generated from the knee OA groups.

RESULTS

The chart review analysis revealed excellent agreement
between investigators over whether to include or exclude
participants (k 5 0.93). The ability to classify participants
as having nontraumatic or posttraumatic knee OA from the
included participants (n 5 18) in the subset demonstrated
excellent agreement between investigators (k 5 0.89).

Table 1 provides descriptive statistics for the group demo-
graphics. Body mass index (t-test 5 20.41, P 5 0.69), pain
intensity (t-test 5 1.55, P 5 0.12), and lateral knee compart-
ment radiographic disease severity (U 5 5,123.50, P 5 0.20)
were not statistically different between knee OA groups.
Age (t-test 5 7.53, P , 0.05), gait speed (t-test 5 22.08, P ,

0.05), medial knee compartment radiographic disease sever-
ity (U 5 4,142.00, P , 0.05), and MAA (t-test 5 24.28, P ,

0.05) were significantly different between knee OA groups.
Participants with nontraumatic knee OA were older, ambu-
lated at slower speeds, had greater radiographic knee OA
severity in the medial compartment, and had greater varus
knee alignment.

Discrete gait variables. Descriptive statistics for the
discrete gait variables are provided in Table 1. After con-
trolling for age, gait speed, and radiographic disease sever-
ity in the regression analyses (model 1), knee OA group
regression coefficient was a significant predictor of peak
adduction angle and moment (Table 2), with the nontrau-
matic knee OA group having higher values (Figure 1 and
Table 1). There were no significant relationships between
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the knee OA group and other discrete gait variables (Table 2).

There were no significant relationships between the knee

OA group and any of the discrete gait variables once MAA

was added as a control variable (model 2).

PC scores. After controlling for age, gait speed, and

radiographic disease severity (model 1), the knee OA

group regression coefficient approached statistical signifi-

cance (P 5 0.06) as a predictor of adduction angle PC1 scores

and was a significant predictor of PC2 scores (Table 3). PC1

represented overall amplitude and the nontraumatic knee OA

group had higher adduction angles throughout gait (Figures 1

and 2). PC2 represented the difference between the adduction

angle at stance versus midswing, and the nontraumatic knee

OA group had higher adduction angles during stance. There

were no significant relationships between flexion angle PC

scores and knee OA group.
The knee OA group demonstrated a significant relation-

ship with adduction moment PC3 scores after controlling

for age, gait speed, and radiographic disease severity

(model 1) (Table 3). PC3 represented the difference

between adduction moment at midstance versus late-

stance peak (Figure 3). The posttraumatic knee OA group

had a greater difference between late stance compared to

Figure 1. Group means for A, the knee flexion angle, B, adduction angle, C, external flexion
moment, and D, external adduction moment gait waveforms (adduction and flexion are positive).
Mean 6 SD gait speeds were 1.08 6 0.20, 1.13 6 0.19, and 1.13 6 0.5 meters/second for nontrau-
matic knee osteoarthritis (OA), posttraumatic knee OA, and ACL-only groups, respectively. Statis-
tical comparisons of principal components and peak values suggested significantly different
magnitudes for knee adduction angle and moment between knee OA groups. Solid black line 5 non-
traumatic knee OA group (n 5 122); broken red line 5 posttraumatic knee OA group (n 5 93); dotted
blue line5 anterior cruciate ligament (ACL) rupture with no knee OA (n5 135). %BW*Ht 5 percentage
of body weight 3 height.

Table 2. Regression analyses for knee angle and moment discrete gait variables*

Model 1 Model 2

Discrete gait variables b (95% CI) P† b (95% CI) P†

Peak flexion angle midstance 0.13 (22.16, 2.41) 0.91 20.38 (22.64, 1.87) 0.74

Peak extension angle midstance 21.53 (23.68, 0.62) 0.16 21.87 (24.02, 0.28) 0.09

Peak adduction angle stance 21.54 (23.01, 20.07) 0.04 20.49 (21.54, 0.55) 0.35

Peak flexion moment midstance 0.17 (20.25, 0.59) 0.42 0.08 (20.33, 0.50) 0.69

Peak extension moment late stance 0.03 (20.35, 0.40) 0.88 20.02 (20.40, 0.36) 0.93

Peak adduction moment 20.28 (20.55, 20.00) 0.05 20.09 (20.30, 0.12) 0.38

Adduction moment impulse 20.10 (20.26, 0.05) 0.20 0.00 (20.11, 0.12) 0.97

* The unstandardized regression coefficient (b) is shown for the knee osteoarthritis group variable. 95% CI 5 95%
confidence interval.
† P values for the knee osteoarthritis group unstandardized coefficients.
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midstance adduction moment (Figures 1 and 3). There
were no significant relationships between flexion moment
PC scores and knee OA group.

When MAA was added as a control variable to regres-
sion analyses (model 2), the knee OA group demonstrated
a significant relationship with the adduction moment PC3
scores. Again, this indicated that the posttraumatic knee

OA group had greater differences in the adduction
moment between late stance and midstance (Figure 3). No
other significant relationships existed between knee OA
group and PC scores after controlling for age, gait speed,
radiographic disease severity, and MAA (model 2). Diag-
nostic statistics and examination of the residuals for all
regression analyses indicated that assumptions were met.

Figure 2. Principal components (PCs) for the knee adduction angle. A, PC1 represents the overall
amplitude of the adduction angle. B, a subset of participants with low and high PC1 scores dem-
onstrates that higher scores represent a greater adduction angle throughout gait. The nontrau-
matic knee osteoarthritis group had higher adduction angle PC1 scores. C, PC2 represents the
difference between the adduction angle at stance versus midswing. D, a subset of participants
with low and high PC2 scores demonstrates that higher scores represent a greater adduction
angle during stance compared to midswing. The nontraumatic knee osteoarthritis group had
higher adduction angle PC2 scores. Color figure can be viewed in the online issue, which is
available at http://onlinelibrary.wiley.com/journal/doi/10.1002/acr.22822/abstract.

Table 3. Regression analyses for the knee angle and moment principal component (PC) scores*

Model 1 Model 2

PC score b (95% CI) P† b (95% CI) P†

Flexion angle

1 21.90 (220.04, 16.25) 0.84 25.80 (223.72, 12.13) 0.53

2 2.71 (25.36, 10.77) 0.51 2.52 (25.64, 10.68) 0.54

3 2.62 (22.82, 8.07) 0.34 2.68 (22.83, 8.19) 0.34

Flexion moment

1 1.10 (21.44, 3.65) 0.39 0.59 (21.93, 3.11) 0.64

2 0.83 (20.07, 1.73) 0.07 0.73 (20.18, 1.63) 0.12

3 0.09 (20.64, 0.83) 0.80 0.02 (20.08, 0.11) 0.76

Adduction angle

1 213.43 (227.63, 0.77) 0.06 24.36 (215.41, 6.69) 0.44

2 27.02 (212.75, 21.28) 0.02 25.33 (210.87, 0.22) 0.06

3 0.70 (22.24, 3.63) 0.64 0.54 (22.42, 3.50) 0.72

Adduction moment

1 21.31 (23.00, 0.39) 0.13 20.10 (21.31, 1.11) 0.87

2 0.24 (20.17, 0.65) 0.25 0.22 (20.19, 0.64) 0.29

3 0.60 (0.09, 1.11) 0.02 0.60 (0.08, 1.11) 0.02

* The unstandardized regression coefficient (b) is shown for the knee osteoarthritis group variable. 95% CI 5 95%
confidence interval.
† P values for the knee osteoarthritis group unstandardized coefficients.
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Post hoc analysis. The ACL-only group was significantly

younger (P , 0.05), had less mass, and had lower body

mass index than both nontraumatic and posttraumatic

knee OA groups (Table 1). They also had higher gait

speeds than the nontraumatic (P 5 0.05) but not the post-

traumatic (P 5 1.00) knee OA group. The one-way ANOVA

comparing the 3 groups on discrete gait variables indicat-

ed a significant group effect for both peak adduction angle

(F 5 88.23, P , 0.01) and moment (F 5 102.38, P , 0.01).

Bonferroni-corrected group comparisons demonstrated sig-

nificant differences (P , 0.01) for all possible pairwise com-

parisons for both discrete gait variables (Table 1). The

nontraumatic knee OA group had the highest peak adduc-

tion angle and moment values, while the ACL-only group

had the lowest (Table 1 and Figure 1). Similarly, adduction

angle PC2 scores (F 5 37.67, P , 0.01) and adduction

moment PC3 scores (F 5 53.61, P , 0.01) were significantly

different between the 3 groups. Significant (P , 0.05) differ-

ences were present for all pairwise comparisons. The ACL-

only group had the lowest adduction angle PC2 scores,

indicating lower adduction angles at stance compared to

midswing (Figure 1). Also, the ACL-only group had the

highest adduction moment PC3 scores, indicating a greater

difference between the late-stance compared to midstance

adduction moment.

DISCUSSION

Differences in gait kinematics and kinetics exist between

nontraumatic and posttraumatic medial compartment

knee OA. While controlling for age, speed, and disease
severity, a significant relationship remained between knee
OA groups with knee adduction angles and moments.
Nontraumatic and posttraumatic knee OA classification
explained both amplitude (i.e., peak values) and shape
(i.e., PC2, PC3) descriptors of adduction angle and
moment waveforms. These differences in gait mechanics
may have implications for knee OA development and pro-
gression because the knee adduction moment is related to
knee OA progression (9). Also, the results suggest that a
history of trauma should be considered in future knee OA
gait studies when feasible.

Amplitude measures of the adduction angle included
PC1 scores and peak adduction angle during stance, and
both were significantly related to the knee OA group or
approached statistical significance. Additionally, PC2
scores were related to the knee OA group, and this shape
characteristic captures differences between stance and
midswing adduction angles. This latter finding should be
interpreted with caution because of increased error in the
adduction angle during swing, with increasing knee flex-
ion due to kinematic cross-talk (17). Of the 3 amplitude
measures of the adduction moment, only the peak value
demonstrated a significant relationship to the knee OA
group. Other amplitude measures, including PC1 scores
(P 5 0.13) and adduction moment impulse (P 5 0.20), did
not demonstrate a statistically significant relationship,
although the differences are apparent visually on Figure 1.
PC1 represented the overall amplitude of the knee adduc-
tion moment throughout gait (Figure 3). Thus, the knee
OA group influences knee adduction moment amplitude,

Figure 3. Principal components (PCs) for the external knee adduction moment. A, PC1 repre-
sents the overall amplitude of the adduction moment. B, a subset of participants with low and
high PC1 scores demonstrates that higher scores represent a greater adduction moment through-
out gait. C, PC3 represents the difference between the adduction moment at midstance versus the
late-stance peak moment. D, a subset of participants with low and high PC3 scores demonstrates
that higher scores represent a greater difference in late-stance peak adduction moment compared
to midstance. The posttraumatic knee osteoarthritis group had higher adduction moment PC3
scores. %BW*Ht 5 percentage of body weight 3 height. Color figure can be viewed in the online
issue, which is available at http://onlinelibrary.wiley.com/journal/doi/10.1002/acr.22822/abstract.
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although the relationship strength depends on the summary
measure. Furthermore, the nontraumatic knee OA group
had greater peak adduction moments despite ambulating
more slowly. Decreased gait speeds have been linked to
decreased peak adduction moments previously (23). Since
the opposite occurred (i.e., nontraumatic knee OA had lower
gait speed but greater peak adduction moment), this result
demonstrates that other factors besides gait speed, such as
MAA, are driving the gait differences between groups. Addi-
tionally, the adduction moment shape was influenced by
the knee OA group with posttraumatic knee OA having a
greater difference in late-stance peak adduction moment
compared to midstance. Thus, based on the present sample,
a history of trauma appears to impact gait mechanics in
patients with knee OA primarily in the frontal plane.

The terms primary and secondary OA have been used to
refer to nontraumatic and posttraumatic OA, respectively
(14). This classification has been questioned because OA
is a multifactorial disease, and both environmental and
genetic factors play a role in all OA cases (26,27). Addi-
tionally, such classifications suggest a lone causative fac-
tor (26). Regardless, differences in disease characteristics
do exist between nontraumatic and posttraumatic knee
OA (4–6). Future work should determine how these differ-
ences might play a role in disease progression and poten-
tially tailor specific interventions based on knee OA
subgroups. The present findings suggest that gait data may
contribute to this future work.

The nontraumatic knee OA group in the present study
had increased varus alignment, and the majority of gait dif-
ferences between knee OA groups diminished after control-
ling for MAA. This was somewhat expected, because MAA
has previously shown moderate to strong relationships to
knee adduction angles and moments (28,29). Importantly,
most previous studies show that even the highest of
reported correlations between MAA and the knee adduc-
tion moment suggest additional factors, beyond MAA, that
influence frontal plane knee mechanics during walking
(28,29). The present findings suggest that future gait studies
should consider both MAA and history of trauma.

The post hoc analysis indicated that differences between
knee OA types were not simply due to ACL tear in the
absence of radiographic knee OA. The posttraumatic knee
OA group had significantly lower peak adduction angle
and moment values than the nontraumatic knee OA group,
yet significantly higher values than the group with ACL
tears with no knee OA (ACL only) (Figure 1). A similar pat-
tern was found for the PC scores (Figure 2 and Figure 3).
This demonstrates that both knee OA type (i.e., traumatic
history) and presence of OA were associated with frontal
plane knee mechanics. However, the differences in age and
chronicity of ACL deficiency in the ACL-only and posttrau-
matic knee OA groups must be noted. The present data do
not clearly show how persons with chronic ACL deficiency
with and without OA might differ in their gait biomechan-
ics. Furthermore, the differences in gait biomechanics (e.g.,
gait speeds, adduction, and flexion moments) between the
3 groups suggest that although ACL injury and/or recon-
struction may alter gait biomechanics, other changes likely
develop over time. Indeed, variable changes (increases and
decreases) in knee moments during gait have been reported

after ACL injury and reconstruction (30,31), and how these
changes contribute to knee OA initiation and progression
warrants further research, especially longitudinal studies.

Medial compartment OA, rather than lateral compart-
ment, was examined in the present study because gait kine-
matics and kinetics have been previously reported to differ
largely between patients with OA predominately in the
medial versus lateral compartment (29). Although this
approach ensured that gait differences were due to OA sub-
group, and not due to the location of osteoarthritic changes,
limitations in generalizability of these results should be not-
ed. Other limitations include the cross-sectional design and
the low proportion of women (25%). In addition to the ACL
rupture, posttraumatic knee OA classification included par-
ticipants with concomitant injuries or history of reconstruc-
tive surgery in order to maximize sample size, and whether
this influenced the results is not clear. The time from trauma,
surgery, or onset of symptoms was not available for both
knee OA groups. Pain medication usage was not controlled,
although it has been linked to changes in the knee adduction
moment (32); however, there were no differences in pain
intensity between OA groups (Table 1).

In summary, knee adduction angles and moments during
ambulation differ between patients with nontraumatic and
posttraumatic medial compartment knee OA. These observed
differences provide support for considering a history of trau-
ma and measuring alignment in future studies examining gait
mechanics in this population. Although longitudinal studies
are required, these findings are consistent with the suggestion
that both static and dynamic alignment contribute to the
development of medial knee OA differently in these sub-
groups, and they may benefit from different biomechanical
intervention strategies.
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