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Quantitative three-dimensional gait analysis has been used to evaluate the loading at the knee 
(i.e. external knee adduction moment, EKAM) during level ground walking in individuals with 
knee osteoarthritis (OA). The magnitude of EKAM can be influenced by some factors, such as knee 
marker position and foot placement angles in static calibration trials, which may lead to inaccurate 
functional assessments and intervention planning. This study aimed to clarify the effects of knee 
position during static calibration trials on the evaluation of knee loading during gait in individuals 
with medial knee OA. Seventeen individuals with medial knee OA completed three different static 
standing trials; (1) knee flexed at 0 degrees, (2) knee flexed at 15 degrees, and (3) knee flexed at 30 
degrees before walking at their self-selected speed. A sixteen-camera three-dimensional VICON gait 
analysis system with four AMTI force platforms was used to collect the EKAM, knee adduction angular 
impulse (KAAI), knee joint center (KJC), and other knee kinematic and kinetic variables during gait. A 
repeated measures ANOVA was used to investigate the differences between conditions. The 1st peak 
of EKAM, the 1st peak EKAM arm, KAAI, and knee extension moment were significantly increased 
at the 15-degree and 30-degree conditions in comparison with the 0-degree condition (P < 0.05). 
Additionally, the knee flexion moment and knee external rotation moment were significantly reduced 
at the 15-degree and 30-degree conditions in comparison with the 0-degree condition (P < 0.05). 
All biomechanical variables were influenced by the localization of the KJC during static calibration 
trials. The changes in knee position during static trials significantly affected the 1st peak EKAM, 
KAAI, and other knee kinematics and kinetics variables during gait. Therefore, future studies should 
consider keeping the participants’ knees in a consistent position during static trials between visits, 
as the variations in knee position could mask or exaggerate the differences between groups and 
interventions.

Keywords Knee adduction moment, Static knee position, 3D gait analysis, Kinematics, Kinetics

The loading at the knee during gait has been proven to be correlated with the development and progression of 
knee osteoarthritis (OA)1,2. However, it is difficult to measure the knee joint loading directly in vivo and it has 
been reported that external knee adduction moment (EKAM) is a significant predictor of the loading at the 
medial compartment of the knee during walking3,4, although it is only one of the predictors for knee OA3–5. 
Previous studies reported that individuals with medial knee OA demonstrated greater EKAM in comparison 
with age-matched healthy counterparts6,7. Earlier investigators reported that with every one unit (% Nm/Bw*Ht) 
increase in the EKAM, the risk of progression of medial compartment knee OA will be increased over 6 times2, 
moreover, increased EKAM is associated with decreased knee joint space width8. Therefore, biomechanical 
interventions for medial knee OA such as gait modifications9, knee bracing10, and lateral wedges11 target a 
reduction in EKAM.
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The calculation of the EKAM is based on the standard inverse dynamics modeling, which allows accurate 
objective gait analyses12. However, some biomechanical factors have been proven to influence the calculation of 
EKAM. According to the data published in the literature, both knee marker position and foot position in the 
standing calibration trial could impact the peak value of EKAM during dynamic walking trials12–15. Nagano’s 
study indicated that forward displaced knee markers in the static trial led to reduced EKAM, increased external 
knee flexion moment, and knee flexion angle during walking14. Thewlis et al.13 reported that sagittal plane knee 
moment was significantly changed due to the shifting of static tibial coordinate system origin in the standing 
calibration trial. The latest study showed that the 20° toe-in angle in the standing calibration trial led to a 
significantly greater 1st peak of EKAM during gait in comparison with the 20° toe-out angle15.

The effects of marker position, foot placement angles, and standing posture in the static trial on lower 
extremities’ kinematic and kinetic patterns during gait have been explored by previous studies12,14–16. However, 
it is not yet clear how the variation of knee position in static standing trials could influence the EKAM during 
walking trials. One previous study reported the effects of knee flexion angle in a standing calibration trial on 
knee joint kinetics during dynamic walking, however, the effects of knee flexion were simulated by virtual marker 
displacement (in Visual 3D software), and only one participant was included in the study.

The knee position during static calibration may influence the dynamic trial, however, the knee position 
during static trial was according to participants assuming their comfortable position and no previous study 
explored the EKAM during gait by providing a clear description of knee position during static calibration trial. 
Therefore, this is important to studies, which aim to explore the biomechanical differences between groups and 
treatments, as the changes between conditions and visits may be influenced by the knee position during static 
calibration.

The purpose of the current study was to clarify the effects of knee position in standing calibration trials on 
EKAM and other knee kinematic and kinetic variables during gait. Based on one previous study, the medial 
translation of the static tibial coordinate system origin could increase the peaks of EKAM during gait13. Therefore, 
the primary hypothesis of this study was that the increase in knee flexion during static trail would increase the 
1st peak of EKAM during gait. Additionally, we also expected that increased knee flexion angle during static trail 
would lead to greater 2nd peak of EKAM and KAAI.

Methods
Participants
All experiments were approved by the China Ethics Committee of Registering Clinical Trials 
(ChiECRCT-20180005). This study is in accordance with the principles of the Declaration of Helsinki. Before 
data collection, the purpose of this study and the procedures involved were fully explained to each participant, 
and written informed consent was signed before their enrollment.

Participants were recruited from the outpatients of the Chinese orthopedic department in Shuguang 
Hospital affiliated with the Shanghai Chinese Traditional Medicine (SCTM) University. The eligibility criteria 
for participation in the study were (1) aged 40 years and above; (2) diagnosed with mild-moderate medial knee 
OA confirmed by an X-ray (i.e., Kellgren & Lawrence grade II or III); (3) could walk independently without any 
assistance. Participants were excluded if they had: (1) known learning disability, (2) any other musculoskeletal 
diseases that influenced gait pattern; and (3) a history of lower limb surgery.

Instrumentation
Anatomic knee alignment was measured using posteroanterior radiographs. A three-dimensional motion 
analysis system of sixteen cameras (VICON T40s infrared motion cameras, Oxford Metrics, Oxford, UK) 
sampled at 100 Hz and four 400 × 600 mm force plates (OR6-6, AMTI, Watertown, USA) sampling at 1000 Hz 
embedded flush in the ground were used to collect the lower limb kinematics and ground reaction force (GRF) 
during level ground walking.

Forty-four reflective VICON markers (14 mm diameter) were attached with double-sided tape to the lower 
limbs of the participants which included the anterior superior iliac spine (ASIS), posterior superior iliac spine 
(PSIS), iliac crest, greater trochanter, medial/lateral femoral epicondyles, lateral/medial malleolus, 1st, 2nd, and 
5th metatarsal heads and heel calcaneus of both limbs. The foot was assumed to be a single-segment body. These 
markers were used as anatomical markers to define the local coordinate system and joint center of each segment. 
Additional four non-collinear markers affixed on rigid cluster plates were positioned on the anterior-frontal 
aspect of the bilateral leg, thigh, and around the pelvis with 1.5  m elastic bandages (Fabrifoam, USA). The 
Calibrated Anatomical System Technique (CAST) technique was employed to determine the trajectory of these 
rigid segments and anatomical significance during the dynamic trials17. The marker motion data and force data 
were timely synchronized in the VICON motion capture system.

Sample size
The sample size for this study was calculated using the software G*Power (Version 3.1.9.6, University of Kiel, 
Germany), using an F-test statistical design (for EKAM) repeated measures with an effect size of 0.41 reported 
by a previous study15, sample power of 80%, and an alpha value of 0.05. The analysis showed that at least 15 
participants would be adequate to power this study.

Procedures
The current study involved a within-subject repeated design where each participant was tested in three 
conditions. The three static positions used to analyze the same dynamic trials were with the knee flexed as 
follows: (a) 0 degrees, (b) 15 degrees, (c) 30 degrees (Fig. 1). Considering the kinematic and kinetic data may be 
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influenced by different types of shoes, participants were asked to wear the same type of standard shoes (Huili, 
Shanghai Huili Footwear Co. Ltd, China) which were offered by investigators.

Participants performed three static standing trials with 5  s hold in each trial and 1  min between trials 
according to the randomized block. During the static trial, the participants were instructed to flex their knees 
to the required angle. One researcher used an angle protractor angle finder ruler (HS1024C, HANS.W, China) 
to guide the participant to flex their knee for the selected angles during static trials (Fig. 1). The proposed knee 
flexion angles were randomized by using block randomization (http://www.jerrydallal.com/random/randomize.
htm). The participants were instructed to walk at their self-selected speed and gait data were collected from five 
successful trials. The successful trial was that in which the participant walked at their usual comfortable speed, 
and landed the whole foot of the test limb on the force plates without changing their gait pattern18.

Data analysis
The five successful dynamic trials and three standing calibration trials captured and digitized with VICON 
NEXUS (VICON, Oxford Metrics PLC, UK) were exported as c3d files for further analysis with software 
VISUAL 3D (Version 6.01.16, C-Motion, USA). The kinematics data and analog data were filtered using the 
low-path Butterworth algorithm with a cutoff frequency of 6 Hz for the kinematics and 25 Hz for the analog 
data19. Inverse dynamics approaches were used to calculate the kinetic data. Joint moments were normalized 
to participants’ body mass (Nm/kg). Kinetic and kinematic values were extracted for the symptomatic side. 
For participants with bilateral medial knee OA, the more symptomatic side was deemed as the test limb18. The 
coordinate position of knee joint center (KJC) during standing calibration trials was defined as the midpoint 
between the medial and the lateral femoral epicondyles in global coordinate system (GCS). The coordinate 
position of ankle joint center (AJC) during standing calibration trials was defined as the midpoint between the 
lateral and the medial malleolus in GCS. The position of the KJC in relation to the AJC was calculated in the 
GCS. In order to allow for meaningful comparison and discussion of the moment data, the 0° condition was 
used as a reference13.

The primary outcome of the study was to account for the variation in the 1st peak of EKAM between the same 
level ground walking trials using different static standing positions. The 1st peak of EKAM was defined as the 
peak EKAM in the 1st half of the stance phase (from 1 to 33%).

Statistical analysis
The average of the peak value of the biomechanical outcomes from trials in 3 conditions was exported to the 
SPSS (Version 16.0, IBM Corporation, USA). Shaprio-Wilk tests were used to assess the normality of the selected 
parameters. The repeated measures ANOVA with pairwise comparison (Bonferroni adjustment) was performed 
to examine the difference in kinematics and kinetics data during the same walking trials. The significance was 
set to a 95% confidence interval (P < 0.05).

Results
Participants’ characteristics
Seventeen individuals with knee OA (10 males and 7 females) participated in this study. The radiographic OA 
characteristics of participants were detailed in Table 1.

Fig. 1. Knee placement over the force plate during the three static positions. (a) = 0 degrees, (b) = 15 degrees, 
(c) = 30 degrees.
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The 15° and 30° conditions resulted in anterior, medial, and distal translations of the KJC in relation to the 
AJC during static calibration trials (P < 0.05). No significant difference in knee joint axis was found between 
conditions (P > 0.05, Tables 2, 3, and Fig. 2).

The 1st peak of EKAM during gait was altered with the static standing knee position; where 15° and 30° were 
significantly greater than 0° (P < 0.05) with a 3.89% and a 5.97% increase. No significant difference between all 
conditions in 2nd peak EKAM was found (P > 0.05). In comparison with 0°, both 15° and 30° showed significantly 
increased 1st peak of EKAM arm (P < 0.05). No significant difference in 2nd EKAM arm was found between 
conditions (P > 0.05). Compared with 0°, both 15° and 30° showed significant increases in KAAI (P < 0.05). No 
significant difference in 1st peak of EKAM, 1st peak EKAM arm, and KAAI between 15° and 30° conditions was 
found (P > 0.05) (Table 4, Fig. 3).

Other knee kinetics and kinematics variables that showed significant differences between conditions were 
sagittal plane knee angle at initial contact, sagittal plane knee angle at early stance, peak knee flexion angle in 
the gait cycle (GC), peak knee internal rotation angle in GC, peak knee external rotation angle in GC, peak knee 
flexion moment, and peak knee extension moment (P < 0.05). Compared with 30°, both 0° and 15° showed 
significant increases in sagittal plane knee angle at initial contact, sagittal plane knee angle at early stance, 
peak knee flexion angle in GC, and decreased peak knee internal rotation angle in GC (P < 0.05), however, no 
significant difference between 0° and 15° was found (P > 0.05). Compared with 30°, both 0° and 15° showed 
significantly greater peak knee external rotation angle in GC (P < 0.05). Knee flexion moment decreased with an 
increased knee flexion angle during static trials whilst knee extension moment and peak knee external rotation 
angle increased (P < 0.05) (Table 4).

Orientation of knee joint axis

0° 15° 30°

p-value

0°vs15° 0°vs30° 15°vs30°

X axis (°) 12.64 
(5.92)

12.44 
(5.10)

13.51 
(4.51) 1.00 1.00 0.86

Y axis (°) 1.17 (6.62) -0.90 (8.92) -1.90 (5.00) 0.73 0.42 1.00

Z axis (°) 6.80 (3.50) 7.52 (6.57) 6.19 (2.20) 1.00 1.00 1.00

Table 3. Mean (SD) for knee joint local coordinate system with respect to the global coordinates system.

 

Displacement 0° 15° 30°

p-value

0°vs15° 0°vs30° 15°vs30°

X (cm) 1.11 
(0.8) 1.79 (0.98) 2.01 (1.24)  < 0.01*  < 0.01* 0.80

Y (cm) 3.9 (1.2) 6.48 (2.69) 10.52 (1.83)  < 0.01*  < 0.01*  < 0.01*

Z (cm) 38.27 
(2.15)

37.45 
(2.36) 36.78 (2.37) 0.02*  < 0.01*  < 0.01*

Table 2. Mean (SD) for global coordinates position of knee joint center with respect to the position of ankle 
joint center during static trials. * P < 0.05. Significant are in value [bold].

 

Age (y) 61.24 (5.54)

Gender, n (%) 10 (58.8) male

7 (41.2) female

Height (m) 1.67 (0.09)

Body mass index (kg/m2) 24.69 (3.79)

Radiographic disease severity grade, n (%)a

 Grade 2 13 (76.4)

 Grade 3 4 (23.6)

 Mechanical knee alignment (°)b 178.1 (3.1)

Knee range of motion (ROM)

 Flexion 118.4 (8.5)

 Extension -9.7 (4.7)

Table 1. Characteristic of participants. Values are reported as mean (SD) unless otherwise indicated. The 
negative value for knee range of motion indicate hyperextension. aUsing the Kellgren-Lawrence grading 
system, where higher grades indicate more severe disease. bMechanical alignment derived from radiographic 
anatomical knee alignment (varus = angles < 180°; valgus = angles > 180°).
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Discussion
Previous studies demonstrated that the shifting of the location of knee markers in the standing calibration trials 
could affect the knee kinetics and kinematics variables in healthy13,14, however, no study reported the impact of 
performing different static knee positions on the knee loading and the other kinematics and kinetics variables. 
The current study aimed to investigate how different knee positions assumed in static calibration trials could 
affect 1st peak of EKAM, 2nd peak of EKAM, KAAI, and other knee kinematic and kinetic variables during level 
ground walking in individuals with medial knee OA.

The results demonstrated that when adopting knee flexion from 0° to 30° static positions, each 15° increment 
in knee flexion angle during static produced 1.54°-2.16° decrements in knee flexion during gait. This finding 
was in accordance with the findings of one previous study, which reported the loss of knee flexion during gait 
was 1.33° with each 15° increment in knee flexion angle during static20. This could be explained by the anterior 
translation of the KJC caused by the increased knee flexion angle (i.e., 15° and 30° conditions) during static 
trials. The normal vertical alignment of the limb (“zero” position) should be a straight line from the hip joint 
center, through the femoral epicondyle, to the lateral malleolus20. When the subject’s limb cannot be positioned 
in normal alignment, the deviation is identified as an abnormal zero position. Murray’s study indicated that 
hyperextension of the knee during static trials would lead to increased knee flexion during gait20,21. Therefore, 
the reduction in knee flexion during gait was a compensatory change due to the increased knee flexion angle 
during static trials.

The different knee flexion angle positions during the static trial had effects on the 1st peak of EKAM during 
gait. Moreover, the increase in 1st peak EKAM was associated with the increase in KAAI during gait. The increase 

Fig. 2. The coordinate position of knee joint center (KJC) based on different knee flexion angle during static 
trials: α) 0°condition, β) 15°condition, γ) 30°condition. Note that difference in the coordinate position of KJC 
in relation to ankle joint center (AJC) was based on the different knee flexion angle during static trials, the 
15° and 30° conditions resulted in an anterior, medial and distal translation. The Z-axis (blue) was defined by 
the vector from KJC to Hip joint center (HJC) (direction from distal to proximal, proximal as positive), the 
medial–lateral axis (red) (X-axis) was defined by the vector from KJC to medial femur epicondyles (direction 
from left to right, right as positive), the anterior–posterior axis (green) (Y-axis) was determined by the cross-
product between the Z-axis and the X-axis (direction from posterior to anterior, anterior as positive).
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Fig. 3. The averaged (N = 17) external knee adduction moment (EKAM) in the three conditions (the solid line 
represented 0 degrees, the dot dash line represented 15 degrees, the dash line represented 30 degrees).

 

Parameters 0° 15° 30°

P value

0°vs15° 0°vs30° 15°vs30°

Sagittal plane knee angle at initial contact (°) 5.39 (4.96) 3.23 (4.30) 1.69 (4.85) 0.15  < 0.01*  < 0.01*

Sagittal plane knee angle at early stance (°) 14.75 (5.39) 12.65 (4.99) 11.11 (5.44) 0.19  < 0.01*  < 0.01*

Peak knee flexion angle in GC (°) 57.43 (6.65) 55.59 (6.60) 54.00 (7.36) 0.22  < 0.01*  < 0.01*

Sagittal plane knee ROM in GC (°) 57.40 (5.64) 57.36 (5.66) 57.38 (5.59) 1.00 1.00 1.00

Peak knee abduction angle in GC (°) 5.91 (7.30) 3.53 (6.16) 3.63 (6.10) 0.13 0.15 1.00

Peak knee adduction angle in GC (°) -5.45 (5.19) -5.23 (4.39) -4.71 (4.57) 1.00 0.50 0.37

Frontal plane knee ROM in GC (°) 11.36 (6.85) 8.77 (4.14) 8.34 (4.50) 0.21 0.08 0.52

Peak knee internal rotation angle in GC (°) 0.72 (2.50) 1.50 (2.56) 2.20 (2.51) 0.06  < 0.01*  < 0.01*

Peak knee external rotation angle in GC (°) -5.97 (2.90) -4.88 (2.29) -3.91 (2.24)  < 0.01*  < 0.01* 0.02*

Transverse plane knee ROM in GC (°) 6.70 (3.96) 6.39 (3.38) 6.11 (3.50) 1.00 0.51 0.18

Peak knee flexion moment (Nm/kg) 0.59 (0.19) 0.53 (0.17) 0.43 (0.18)  < 0.01*  < 0.01* 0.02*

Peak knee extension moment (Nm/kg) -0.27 (0.15) -0.30 (0.13) -0.34 (0.15)  < 0.01*  < 0.01* 0.06

1st peak knee adduction moment (Nm/kg) 0.39 (0.09) 0.40 (0.10) 0.41 (0.09)  < 0.01*  < 0.01* 0.14

2nd peak knee adduction moment (Nm/kg) 0.28 (0.08) 0.29 (0.08) 0.29 (0.07) 0.23 0.99 1.00

Knee adduction angular impulse ((Nm/
kg) •s) 0.13 (0.04) 0.14 (0.03) 0.15 (0.03) 0.05*  < 0.01* 0.12

Peak knee internal rotation moment (Nm/kg) -0.11 (0.03) -0.11 (0.03) -0.11 (0.03) 1.00 1.00 1.00

Peak knee external rotation moment (Nm/
kg) 0.12 (0.04) 0.12 (0.04) 0.11 (0.04) 1.00 0.83 0.27

The 1st peak EKAM arm (cm) 5.54 (1.23) 5.79 (1.26) 5.84 (1.22) 0.02*  < 0.01* 0.17

The 2nd peak EKAM arm (cm) 4.09 (1.08) 4.19 (1.02) 4.16 (1.05) 0.08 0.45 0.65

Table 4. Mean (SD) for knee joint kinematics and kinetics for each knee static position angles during walking. 
* P < 0.05. Significant are in value [bold].
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in the 1st peak of EKAM and KAAI could explained by the increase in the EKAM arm, as the magnitude of 
EKAM is mainly determined by the GRF and the EKAM arm4. Both the 15° and 30° conditions showed medial 
translation of the KJC during static trials, indicating that the perpendicular distance between the GRF and KJC 
was reduced. However, the medial translation of the KJC during static trials would lead to opposite effects on 
the 1st peak of EKAM during gait due to the compensatory effect. One previous study demonstrated that the 
medial translation of the KJC caused by knee marker placement during static trials led to an increase in the 1st 
peak of EKAM during gait13. Althomali and colleagues also reported that medial translation of the KJC due to a 
20-degree toe-in foot placement during static trials significantly increased the 1st peak of EKAM during gait15. 
Consequently, the static knee position should be taken into account when measuring the EKAM and KAAI 
during walking.

In comparison with the 0° condition, the 15° and 30° conditions increased the 1st peak of EKAM by 4.38% 
and 5.97%, respectively. One previous study showed that significant improvements in pain were observed only 
in knee OA patients who, in a gait laboratory using lateral wedges, exhibited at least a 2% reduction in the 1st 
peak of EKAM11. Therefore, changes in knee position during static calibration might lead to inaccurate clinical 
interpretations and, consequently, inappropriate clinical strategies.

The decrease in knee flexion moment and the increase in knee extension moment were observed alongside 
the reduction in knee flexion angle during gait. These findings were consistent with a previous study that reported 
a positive correlation between the peak knee flexion moment and the knee flexion angle during stance22. The 
decrease in knee flexion moment and the increase in knee extension moment could be explained by the reduced 
knee flexion angle during gait, which is caused by the anterior translation of the KJC during static trials. Thewlis’s 
study also reported significant changes in knee flexion and extension moments during gait by anterior translation 
of the KJC in relation to the AJC during static trials, however, no significant change in 1st peak of EKAM was 
found13. This discrepancy might be due to the differences in participant characteristics between the studies, as 
the participants in the current study were individuals with knee OA.

The impact of knee position during static trial is likely either further exaggerated or decrease the 1st peak of 
EKAM and knee flexion moment further between assessments in individuals with knee OA which could lead 
to inappropriate functional assessment and intervention planning. Therefore, the position of the knee during 
static trials is important for investigators to obtain accurate knee moments from quantitative gait analysis in 
individuals with knee OA.

The limitation of the study
Our study had some limitations. Firstly, a previous study indicated that variations in the KJC had a much greater 
effect on the 1st peak knee flexion moment at slower speeds23. However, the current study did not investigate 
the effects of knee position on the EKAM at different walking speeds. Therefore, future studies need to explore 
the effects of knee position on EKAM at varying walking speeds, as individuals with more severe knee OA have 
significantly slower walking speeds than those with less severe knee OA24. Secondly, the foot position during 
static trial calibration has been proven to affect the 1st peak of EKAM during level ground walking15. However, 
we did not restrict foot position (e.g., 0° positions) during static trials, which may also exaggerate or decrease 
the knee moment during gait.

Conclusion
The results of the current study confirmed that changes in knee position during static trials significantly affected 
the 1st peak EKAM, KAAI, knee flexion moment, knee extension moment, peak knee internal rotation angle, 
peak knee external rotation angle, knee flexion angle at initial contact, and peak knee flexion angle in early 
stance and GC. This implies that the static knee position is one of the key factors that could affect the calculation 
of the knee loading during level ground walking in individuals with knee OA. Therefore, it is important for 
subjects to keep the knee in a consistent position during static trials in a repeat measure design or randomized 
clinical trials as the variations in knee position between visits could mask or exaggerate the differences between 
groups and interventions.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.
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