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Abstract

Background Dynamic knee varus angle and adduction

moments have been reported to be reduced after TKA.

However, it is unclear whether this reduction is maintained

long term.

Questions/purposes We therefore asked whether (1) the

dynamic knee adduction angle and moment remain reduced

1 year after TKA, (2) if changes in adduction moment are

related to static alignment and varus angle during gait

6 months and 1 year after TKA, and (3) if these changes in

loading pattern are related to changes in Knee Society

scores.

Methods We performed gait analysis on 15 patients (17

TKAs) before surgery and 6 months and 1 year after TKA.

Weightbearing radiographs were used to assess coronal

plane knee alignment.

Results TKA corrected static knee alignment from 2.2�
(2.5�) varus to 3.5� (2.7�) valgus at 6 months. Peak varus

angle during gait was reduced from 9.7� (6.5�) to 3.6�
(5.8�) at 6 months and 5.2� (7.6�) at 1 year. Peak adduction

moment was reduced to 85% of the preoperative level at

6 months but increased to 94% of the preoperative level at

1 year. We observed a correlation between the increase in

dynamic varus angle and increase in adduction moment

from the 6-month to 1-year followups.

Conclusions TKA improves knee adduction moment at

6 months, but this effect is lost with time (1 year).

Clinical Relevance Despite restoration of static knee

alignment, knee adduction moment remains high presum-

ably predisposing to medial polyethylene wear as noted by

retrieval studies.

Introduction

The biomechanics of the knee, although complex, have

been studied extensively [1, 3–5, 12, 14, 16, 18]. A knee

adduction moment during stance phase characterizes nor-

mal human gait and relates to medial offset of the body

center of mass with the resultant ground reaction force

(GRF) passing medial to the center of the knee [12]. This

tends to cause greater compressive loads on the medial

compartment of the knee [3, 4, 12, 18]. Consequently, as

much as 60% to 80% of the total load across the knee

passes through the medial compartment [3, 16]. Higher

loads in the medial compartment may explain a rate of

degeneration in the medial compartment that is approxi-

mately 10 times more than the lateral compartment [1].

Patients with knee osteoarthritis (OA) and medial com-

partment narrowing walk with higher adduction moments

compared with healthy control subjects [5], which in turn
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may lead to rapid progression of OA. Miyazaki et al. [15]

proposed, for every 1% increase in adduction moment

above baseline, the risk of OA progression increases

6.5 times. Therefore, various nonsurgical and surgical

interventions for knee OA are targeted at reduction of

adduction moment [8, 9, 12, 16, 22].

TKA is performed in osteoarthritic knees to restore knee

alignment and to replace worn articular surfaces. After

TKA, the dynamic knee varus angle and adduction moment

have been reported to be decreased to that of healthy

control subjects by 6 months postoperatively [14], sug-

gesting improved load distribution across the knee.

However, retrieval studies of tibial inserts suggest a pre-

dominance of medial compartment wear after TKA

implying preoperative loading conditions (ie, high knee

adduction moment) might have returned [6, 7, 23].

We therefore determined whether (1) the dynamic knee

adduction angle and moment remain reduced at longer

followup (1 year) after TKA, (2) the changes in knee

adduction moment are related to the static angular cor-

rection of varus and dynamic varus angle during gait at

6 months and 1 year after TKA, and (3) these changes in

loading pattern are related to changes in Knee Society (KS)

scores.

Patients and Methods

We performed gait analysis on 15 patients before and

6 months and 1 year after TKA. There were seven men and

eight women with a mean height of 171 cm (range,

151–185 cm) and mean weight of 84 kg (range, 62–91 kg).

Their mean age was 65 years (range, 56–70 years). To be

included, patients were required to have a primary diag-

nosis of medial compartment OA and be scheduled for

TKA. Nine patients were diagnosed with Kellgren-Law-

rence Grade 3 OA and six were diagnosed with Grade 4

OA [13]. Patients were excluded if they had a previous

arthroplasty (hip or knee) or high tibial osteotomy of the

involved limb or could not walk without an assistive

device. Before participation, subjects provided informed

consent in accordance with the Institutional Review

Board.

Preliminary data from our laboratory showed that with

12 subjects we could detect changes of 5� in peak knee

adduction angle and 15% knee adduction moment

(p \ 0.05, 80% power).

All knees had posterior-stabilized TKAs by one of the

two senior authors (JAR, SJN). Surgical technique included

subperiosteal elevation of the superficial medial collateral

ligament up to the posteromedial tibial corner, a 90�-tibial

cut and 5�-valgus distal femoral cut, and resection of

medial tibial and femoral osteophytes. Careful gap

balancing was performed to ensure equal medial and lateral

gaps in extension and flexion.

We evaluated patients at 6 months and 1 year in the

laboratory. We obtained KS scores and KS function scores

[11] at each visit. Two of us (JAR, AJD) evaluated pre-

operative and postoperative (6-month and 1-year

followups) static frontal plane alignment using standing AP

radiographs. With experienced observers, these measure-

ments are reportedly accurate to within 1.5� [20].

Kinematic and GRF data were recorded as subjects

walked at a self-selected pace across a 6-m walkway.

Reflective markers were placed over the calcaneus, first

and fifth metatarsals, medial and lateral malleoli, anterior

shank, medial and lateral femoral condyles, anterior thigh,

greater trochanter, sacrum, and anterior superior iliac spine

of the involved leg and the greater trochanter and anterior

superior iliac spine of the contralateral leg. Marker posi-

tions were collected at 60 Hz using five infrared cameras

(Qtrac; Qualisys, Gothenburg, Sweden). The motion data

then were filtered with a fourth-order Butterworth low-pass

filter with a cutoff frequency of 10 Hz to eliminate any

high-frequency noise. GRFs were recorded at 960 Hz with

a multicomponent force plate (Kistler Instrument Corp,

Amherst, NY, USA) incorporated into the walkway. Sub-

jects performed five gait trials and were instructed to walk

as naturally as possible contacting the force plate with only

the involved limb. Trials in which the foot did not land

completely on the force plate or the subject altered his or

her gait pattern to target the force plate were discarded and

the trial was repeated. Sagittal (flexion/extension) and

frontal plane (adduction/abduction) knee angles and

moments were calculated using specialized computer

software (Visual 3DTM; C-Motion Inc, Rockville, MD,

USA). Based on the AP GRF, the stance phase of each trial

was divided into a braking phase and a propulsive phase.

The area under the knee adduction moment curve (knee

adduction impulse) was calculated for each phase.

Separate, single-factor (time) repeated-measures ANOVA

was used to compare static alignment, KS scores, KS

function scores, gait velocity, knee ROM during gait, and

peak knee adduction angle during gait (dynamic knee varus

angle) with time. Separate repeated-measures (time 9

phase) ANOVA was used to compare changes in peak knee

adduction moment and knee adduction impulse for the

braking and propulsive phases from preoperatively to

6 months postoperatively to 1 year postoperatively. When

significant main effects or interactions were found, post

hoc paired t-tests with Bonferroni corrections were used

to compare the alignment, knee score, or biomechanical

variables measured preoperatively and 6 months and

1 year postoperatively. Finally, Pearson correlations were

run to investigate the association between knee adduction

moment and impulse measured at each followup and gait
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velocity, static alignment, and peak varus angle during gait.

Additional Pearson correlations were run to investigate the

association between the change in knee adduction moment

and impulse between each followup and the change in

either static alignment or change in peak varus angle during

gait.

Results

Peak knee adduction angle during gait initially was reduced

to 37% of preoperative levels at 6-months (p = 0.001), but

increased to 53% of preoperative levels at 1 year

(p = 0.128 versus preoperative) (Table 1). As shown

(Fig. 1) in the ensemble average curves of adduction angle

for the preoperative, 6-month, and 1-year evaluations, this

peak typically occurs at approximately 33%, 17%, and

33% of the stance phase, respectively. In the braking phase,

knee adduction moment was reduced to 85% of preopera-

tive levels at 6 months (p = 0.037), but increased to 94%

of preoperative levels at 1 year (p = 0.539 versus preop-

erative) (Fig. 2). In the propulsive phase, knee adduction

impulse and moment were reduced to 65% and 74% of

preoperative levels, respectively, at 6 months (p = 0.006

and p = 0.004, respectively). At 1-year, propulsive phase

knee adduction moment (Fig. 2) and impulse (Fig. 3)

remained reduced (64% and 78% of preoperative levels,

respectively) (p = 0.033 and p = 0.034, respectively). In

the ensemble average curves (Fig. 4) of adduction moment

for the preoperative, 6-month, and 1-year evaluations, peak

braking moment occurred at approximately 30% of the

stance phase, whereas peak propulsive moment occurred at

approximately 65% to 70% of the stance phase.

Table 1. Gait kinematics at preoperative, 6-month, and 1-year evaluations (N = 17)

Parameter Preoperative 6-month followup 1-year followup p value

Static knee alignment (�) 2.2 (2.5) �3.5 (2.7)* �3.5 (2.7)* \ 0.001

Gait velocity (m/second) 0.93 (0.24) 0.99 (0.26) 1.03 (0.21)* 0.034

Knee flexion ROM (�) 41.7 (9.7) 43.2 (6.4) 45.5 (6.4) 0.094

Peak adduction angle during stance (�) 9.7 (6.5) 3.6 (5.8)* 5.2 (7.6) 0.001

Values are expressed as mean, with SD in parentheses; * significant difference from preoperative evaluation.

Fig. 1 Ensemble average curves from all subjects show knee

adduction angle during gait decreased from the preoperative evalu-

ation (solid line) to the 6-month followup (dashed line). At the 1-year

followup (dotted line), however, this measurement started to revert to

presurgical levels (N = 17).

Fig. 2 A comparison of the peak knee adduction moments at the

preoperative, 6-months, and 1-year evaluations in the braking and

propulsive phases is shown (N = 17).

Fig. 3 Knee adduction impulses at the preoperative, 6-month, and

1-year evaluations in the braking and propulsive phases are shown

(N = 17).
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Preoperative static knee alignment was 2.2� (2.5�) varus

and was increased (ie, corrected; p \ 0.001) to 3.5� (2.7�)

valgus measured at 6 months and 1 year. Preoperative

static alignment correlated with preoperative peak adduc-

tion moment in the braking phase and the preoperative

peak adduction moment and impulse in the propulsive

phase (Table 2). Peak knee adduction angle during gait did

not correlate with peak adduction moment or impulse in the

braking or propulsive phase. At 6 months, neither static

alignment nor peak adduction angle during gait was cor-

related with peak adduction moment or impulse in the

braking or propulsive phase. By 1 year, only peak adduc-

tion angle during gait correlated with peak adduction

moment in the braking phase (Table 2). The improvement

in static alignment from preoperatively to 6 months post-

operatively did not correlate with the change in peak

adduction moment or impulse in either phase of gait. The

decrease in peak adduction angle during gait from preop-

eratively to the 6-month followup did not correlate with the

decrease in adduction moment or impulse, but the increase

in adduction angle during gait correlated with the increase

in peak adduction moment and impulse from the 6-month

to 1-year followups (Table 2).

KS scores and KS function scores improved (p \ 0.001

and p \ 0.001, respectively) from means of 51.7 (SD,

14.2) and 59.4 (SD, 11.8) preoperatively to 83.5 (SD, 13.3)

and 81.8 (SD, 11.3) at 6 months. At 1 year, both clinical

scores further improved (p \ 0.001 and p = 0.047,

respectively) to 90.0 (SD, 9.7) and 86.5 (SD, 10.0) from

6 months. There were no correlations between changes in

peak adduction moment and impulse and changes in clin-

ical scores with time. Gait velocity increased (p = 0.01)

after TKA. By 1 year, gait velocity was 11% greater

(p = 0.034) than preoperatively (Table 1).

Discussion

Although TKA initially corrects excessive adduction

impulse and moment, it is unclear whether or how long this

correction persists and if improvements in these biome-

chanical parameters are associated with changes in clinical

measurements, such as static alignment and KS scores and

KS function scores. Therefore, we asked whether (1) the

dynamic knee adduction angle and moment remain reduced

at longer followup (1 year) after TKA, (2) the changes in

knee adduction moment are related to the static angular

correction of varus and dynamic varus angle during gait at

6 months and 1 year after TKA, and (3) these changes in

loading pattern are related to changes in KS scores.

Our study has some limitations. First, we had no healthy

control group tested to confirm TKA initially reduced knee

adduction moments to normal levels. Although it is bene-

ficial to show that TKA can reduce knee adduction

moments to normal or near-normal levels, this was not the

goal of our study. The main objective in this study was to

Fig. 4 In the braking phase (approximately 0%–50% of stance), knee

adduction moment was reduced from the preoperative evaluation

(solid line) to the 6-month followup (dashed line) but subsequently

increased to near presurgical levels by the 1-year followup (dotted

line). In the propulsive phase (approximately 50%–100% of stance),

knee adduction moment was reduced from the preoperative evalua-

tion (solid line) to the 6-month followup (dashed line) and remained

at these reduced levels at the 1-year followup (dotted line) (N = 17).

Table 2. Correlation between static alignment or knee adduction angle during gait with biomechanical parameters (N = 17)*

Braking phase Propulsive phase

Parameter Peak adduction moment Adduction impulse Peak adduction moment Adduction impulse

Static knee alignment,

preoperative

r = 0.508 NS r = 0.524 r = 0.527

p = 0.037 p = 0.031 p = 0.03

Peak adduction angle,

1 year

r = 0.536 NS NS NS

p = 0.026

Increase in peak adduction

angle, 6 months-1 year

r = 0.620 r = 0.507 r = 0.665 r = 0.638

p = 0.008 p = 0.038 p = 0.004 p = 0.006

*NS = not significant.
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track the changes in knee biomechanics during gait with

time in each subject. Using this within-subject study

design, we were able to associate changes in gait biome-

chanics with changes in clinical measurements. These

correlations might not have become apparent if compari-

sons were made only with a healthy control group. Second,

a longer followup is needed to understand whether and how

postsurgical changes in knee adduction moment affect

tibial component polyethylene wear. Understanding this

relationship may help improve postoperative physical

therapy and gait retraining techniques. A third limitation is

that the increased knee loading seen from the 6-month to

1-year followups occurred concomitantly with an increase

in gait velocity in our study population. Robbins and Maly

[17] found the knee adduction moment increased approx-

imately 7% with a 15% increase in gait velocity. We

observed an increase in gait velocity from preoperatively to

1-year followup of approximately 10%. However, consid-

ering the increase in knee adduction moment from the

6-month to 1-year followups was approximately 20%, it

seems unlikely the increase in gait velocity is the only

factor responsible for the increased knee adduction

moment at 1-year followup. Further, Wang et al. [22]

identified decreased velocity as a possible compensatory

mechanism used by patients with knee OA to reduce knee

adductor moments. It is possible relief from pain and

improvement in function together with loss of the cautious

gait contributed to their increased gait velocity.

The relationship among knee varus alignment, adduc-

tion moment, and progression of medial compartment OA

has been well established [15, 19, 21]. It is likely a higher

adduction moment creates a higher compressive load on

the medial compartment. High tibial osteotomy and TKA

are typical surgical procedures aimed at realigning the joint

and reducing adduction moment. We compared our

changes in knee adduction moment with time with those

reported in the literature (Table 3). Prodromos et al. [16]

showed approximately 30% reduction in adduction

moment in 21 patients with varus OA 1 year after high

tibial osteotomy. They concluded, for high tibial osteot-

omy, (1) a high preoperative adduction moment, defined as

4.0% BW*Ht or greater, was associated with a poorer

outcome at 3.2 years and this effect was independent of the

correction of static alignment, and (2) recurrence of varus

deformity is more likely with high preoperative adduction

moment. When expressed in units similar to those in the

study by Prodromos et al., the preoperative peak knee

adduction moments measured in our study (mean, 3.2%

BW*Ht; range, 1.1–5.2% BW*Ht) are similar. Wang et al.

[22], who published their results at 8.9 years, described

inherent compensatory mechanisms such as shortening of

stride and toeing-out used by some subjects to reduce

adduction moment, which might signal that knee adduction

moments may have returned to presurgical levels. Our

observations suggest presurgical levels of knee adduction

moment might return as early as 1 year after TKA. How-

ever, it is unknown how knee adduction moment relates to

contact force on tibial components and polyethylene wear.

The postoperative reduction in knee adduction moment

(approximately 25% at 6 months followup) observed in

this study is similar to that reported by Mandeville et al.

[14]. They reported a reduction in knee adduction moment

from 4.07% BW*Ht before surgery to 3.01% BW*Ht at

6 months followup. They also reported the knee adduction

moment at 6 months more closely resembled the adduction

moment measured in a healthy control group. As men-

tioned above, the current study did not include a control

group as our objective was to track biomechanical changes

in patients with time. When expressed in similar fashion,

the average peak knee adduction moment in our patient

group at 6 months followup (2.7% BW*Ht) was similar to

the knee adduction moment reported by Mandeville et al.

[14] for a healthy control group. Further comparison

between the two studies is difficult as the study cohort of

Mandeville et al. was heterogeneous, with varus and valgus

knees, and our study cohort seems to have had more

advanced disease based on the assessment of static knee

alignment. Most recently, Hatfield et al. [10] reported a

23% reduction in knee adduction moment 1 year after

TKA. However, because no data were presented between

the preoperative and 1-year followups, the initial decrease

in adduction moment is not known. It also cannot be

determined if the postsurgical adduction moment is stable

or changing with time. Finally, Alnahdi et al. [2] reported

Table 3. Survey of peak adduction moments (% BW*Ht) from the literature

Study Preoperative peak

adduction moment

Peak adduction

moment at 6 months

Peak adduction

moment at 1 year

Peak adduction

moment at 3 years

Prodromos et al. [16] (N = 21) 4.0 NA NA 2.7

Mandeville et al. [14] (N = 21) 4.1 3.0 NA NA

Alnahdi et al. [2] (N = 56) NA 2.5 2.5 NA

Hatfield et al. [10] (N = 42) 3.0 NA 2.3 NA

Current study (N = 17) 3.2 2.7 3.0 NA

NA = Not applicable.

Volume 470, Number 4, April 2012 Frontal Plane Knee Biomechanics after TKA 1175

123



no change in knee adduction moment in separate groups

6 months and 1 year after TKA. There were no preopera-

tive values reported so the effect of TKA on knee

adduction moment cannot be assessed. However, their

measurements seem consistent with those of our study and

those previously reported.

We found that the correction of static alignment with

TKA was not correlated with changes in knee adduction

moment. This result agrees with the findings of Prodromos

et al. [16] that static alignment may not strongly influence

dynamic loading of the knee. Notably, the increase in peak

adduction angle during gait (dynamic varus) was correlated

with increases in frontal plane knee kinetics. This suggests

that dynamic measures of knee alignment may be more

sensitive predictors of medial wear than static alignment.

KS scores and KS function scores improved 6 months

after TKA, and improved further 1 year after TKA. These

changes were not correlated with changes in frontal plane

knee kinetics, but were accompanied by an increase of

approximately 11% in gait velocity 1 year after surgery. As

increases in frontal plane kinetics reportedly predict pro-

gression in arthritis [15], it is possible that medial wear may

be occurring despite improvements in pain and function. To

our knowledge, the relation between KS scores and KS

function scores and knee adduction moment has not been

studied previously in subjects before and after TKA.

Our observations suggest even when static knee align-

ment is nearly restored, high knee adduction moments

could still remain, just as in a healthy native human knee,

thereby predisposing to medial polyethylene wear and

eventual recurrence of the preoperative varus deformity.

Changes in dynamic frontal plane kinematics may be more

useful in predicting these phenomena than static alignment.

Studies with longer followups of patients with TKAs might

help us better understand the relationship among align-

ment, moment, and polyethylene wear.
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