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Highlights:  
• Internal knee abduction moment was measured while walking with increased trunk lean 

• Two strategies of increasing lateral trunk lean were observed in normal gait 

• One group increased step width, the other kept normal step width with pelvic thrust 

• Trunk lean over normal step width with pelvic thrust reduces the 1st peak of moment 

• Normal step width indicates better stability combined with reduced knee loading 

 

Abstract 

The internal knee abduction moment (KAM) in osteoarthritis is reduced by increased lateral 
trunk lean (TL). Mechanistically, this occurs as the Centre of Mass (COM) moves further over 
the stance leg. Since the size of the base of support constrains the COM, an associated 
increase in step width (SW) would be expected to maintain stability. This study tested the 
effects of TL on SW and KAM in healthy participants (n=21) who performed normal and 6° TL 
walks. The latter was controlled via audio-visual biofeedback. We found two distinct gait 
strategies in TL walk: widening the step width substantially (>50%) to permit an increase in 
the COM displacement (WSW, n=13), or maintaining a baseline SW and minimally displacing 
the COM by moving the hip/pelvic complex in the opposite direction (NSW, n=8). WSW 
doubled SW (11.3±2.4 v. 24.7±5.5 cm, p<.0001), NSW did not change SW (12.2±2.8 v. 
13.7±4.7 cm, p>0.05). These two distinct gait strategies resulted in unique patterns of KAM 
reduction across the stance phase. NSW reduced KAM impulse significantly in the initial half 
(0.08±0.02 v. 0.06±0.02, p=.04) but not in the later stance phase (0.07±0.02 v. 0.07±0.04, 
p>0.05). WSW reduced KAM significantly in both initial (0.11±0.03 v. 0.08±0.04, p<0.001) and 
later stance phase (0.09±0.02 v. 0.06±0.03, p<0.001). KAM peak results followed the pattern 
of impulse. This study has revealed two distinct mechanisms for increasing lateral trunk lean 
which can be used to explain discrepancies in past research and in the future could be used 
to individualise gait re-training strategies. 
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Introduction 

Knee osteoarthritis (OA) frequently leads to pain, disability and surgical intervention. The 

combination of an aging population and the increase in prevalence of OA with age [1] means 

the disease is a growing societal burden requiring cost effective management.  

The medial compartment is affected ten times more often than the lateral compartment [2] as 

it withstands up to 80% of the frontal plane knee load during walking [3]. During dynamic 

movement, the internal knee abduction moment (KAM) is accepted as a valid and reliable 

measure of frontal plane knee load [3,4]. The KAM calculation uses inverse dynamics [5], 

which mainly consists of the product of the GRF and the distance between the knee joint 

centre and GRF vector but also includes segmental inertial properties. A KAM is produced 

when the force vector passes medially to the joint centre during the stance phase [6]. The 

KAM peaks and impulse are increased in patients with medial compartment knee OA [7]. 

Further, frontal plane moments, but not sagittal plane moments, have been associated with 

OA disease progression over 2 years [8]. Kumar and colleagues [9] confirmed that there is a 

greater KAM in OA patients in comparison to healthy controls and demonstrated that the 

frontal plane moment is related to medial knee loading. 

The KAM is recognised as a modifiable risk factor for the progression of medial knee OA [10]. 

Accordingly, research focuses on methods of decreasing the KAM, including lateral wedge 

insoles [11] and high tibial osteotomies [12]. Unfortunately, clinical trials do not show benefits 

from lateral wedges over prolonged periods [13] and surgery is invasive with a long recovery. 

Gait modification strategies have the potential to delay the progression of the disease in a 

non-invasive manner. 

Numerous gait modifications exist, including altering the foot progression angle, increasing 

medial knee thrust and increasing lateral trunk lean. In a comparison of these strategies, 

lateral trunk lean was the most successful method of decreasing KAM in almost half the 

subjects [14]. Reductions of 30%, 38% and 28% for the KAM impulse, 1st peak and 2nd peak, 

respectively, were reported in comparison to normal walking. A review considering 14 gait 

modification strategies found lateral trunk lean and the use of a walking cane to most 

consistently decrease KAM [15]. However, some people have reservations about using a 

cane, based on its appearance [16]. Modifying trunk lean removes this obstacle. In the natural 

gait of patients with medial compartment knee OA, lateral trunk lean was shown to explain 

13% of the variance in KAM when toe out angle and speed were controlled for [17]. This also 

suggests that gait modification strategies occur naturally in this population, adding an 

increased need to understand the impact these have on the affected and unaffected joints. 
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Furthermore, increasing lateral trunk lean has been shown to reduce KAM more than that 

previously reported with high tibial osteotomies [18].  

The mechanism behind the increasing TL causing a decrease in KAM hinges on the alteration 

in moment arm length. The increased TL moves the centre of mass (COM) further over the 

stance leg, causing the GRF vector to move laterally, shortening the moment arm of the knee 

joint [18], resulting in a decreased moment. However, the COM movement is constrained by 

the size of the base of support, and must remain within the borders of the step width (SW) 

[19,20]. As humans walk on a relatively narrow base of support with up to two thirds of an 

individual’s mass carried superior to the waist [21], it is hypothesised that an increase in SW 

would occur alongside the increase in TL to prevent imbalance. Despite this, studies 

investigating TL do not generally report SW. Therefore, the aim of this study was to test the 

effects of increased trunk lean on consequential alterations in step width and the impact it has 

on the KAM. It is predicted that an increase in trunk lean will be accompanied by an increase 

in step width.  

Method 

Participants 

Participants with no musculoskeletal or neurological injuries or impairments were recruited 

from a university population. Twenty-one subjects took part (male: 11, female: 10, 23 ±2 years, 

68±8 kg, 1.74±0.06 m). Ethical approval was granted by the University Ethics Committee 

(P14SEC020).  

Set-up 

A nine-camera (T10/T160, Vicon Motion Analysis Inc., Oxford, UK) motion analysis system 

(100 Hz) was centred around two adjacent force plates (Kistler 9281B; Kistler Instruments Ltd. 

Winterhur, Switzerland, 1000 Hz) and collected using Vicon Nexus (v1.85). Participants were 

barefoot to eliminate the impact of footwear on KAM [22]. Height, weight, knee width and ankle 

width were measured. A Helen-Hayes model [23] was adapted to include the trunk (markers 

on iliac crest, C8, Th7, xyphoid process, jugular notch, and  acromion process). The Helen-

Hayes thigh wand orientation was checked using the Vicon plug-in-gait model to ensure the 

frontal plane knee angle did not exceed ±10° as these values are anatomically unrealistic and 

thus likely a result of cross talk from a misalignment of the knee flexion/extension axis.  

Data Collection 
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Participants were tested in two conditions: walking with normal trunk lean (NTL) and 6° of 

lateral trunk lean (LTL), similar to that previously used [24]. The NTL was tested first to gauge 

self-selected walking speed. Trials were accepted if walking speed lay within 10% of this value.  

The TL movement was controlled using an inertial sensor (Xsens MTw, Xsens Technologies 

B.V.), attached on the xiphoid process. A custom biofeedback software application was 

created (D-Flow v3.18.1, Motekforce Link, Amsterdam). Visual feedback was presented on a 

screen at the end of the walkway. A blue line rotated about a fixed axis in the frontal plane as 

the participant walked, mirroring their trunk lean. Participants had a zone that spanned 4-8° 

bilaterally of central that they were instructed to aim for. In this zone, the line changed to white 

and a beep was heard (Figure 1). If they went past the 8° line, a second error noise was heard. 

Demonstrations and feedback were provided. The participants practiced the trunk lean walk 

until a consistently correct strategy was adopted. The sensor was reset to 0° when the 

participant was stood statically. This was reset after each trial to minimise drift.. No instructions 

were given in regards to step width or the lower limbs. Trials were repeated if any of the steps 

exceeded or did not reach the required level of trunk lean and/or if the right foot did not cleanly 

contact the force plate. Three successful trials were collected for each condition.  

[Figure 1] 

Data analysis 

Each trial was cropped to a single stride exported into Visual3D (version 5; C-Motion, Inc., 

Germantown, MD, USA) and filtered (low pass, fourth-order Butterworth filter at 8 Hz). A 

Helen-Hayes lower limb model with an additional trunk segment was applied. Knee and ankle 

joint centres were defined as half of their measured width medial to the lateral marker. The 

trunk was defined using the acromion and iliac crest markers with the remaining used for 

tracking. Lateral trunk lean angle was calculated relative to the laboratory reference system, 

with all angles recorded from the optoelectronic system rather than the IMU. Right leg data 

was analysed. SW was defined as the medio-lateral distance between the heel markers during 

initial contact with the ground (double support) at each step. KAM impulse, calculated as the 

area under the curve, was exported directly from Visual3D. COM displacement was exported 

from Visual3D into Microsoft Excel (2013). Any small deviation from walking in a straight line 

caused a trend in the sideways position of the COM which was removed for each walk by 

subtracting the regression line that was fitted on the COM sideways position plotted against 

time. The average of the 3 trials were calculated for each participant.  

Statistical Analysis: 
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A t-test was used to analyse the effects of biofeedback on TL, gait velocity and to identify the 

wide step width gait strategy in response to increased lateral trunk lean on an individual basis. 

Other dependent variables were subjected to a 2-way mixed model ANOVA. For the analysis 

of step width, COM displacement, and time at which peak trunk lean was reached, a 2x2 

design was used; between subject factor: gait strategy (normal/narrow step width: NSW or 

wide step width: WSW), within subject factor:, lateral trunk lean (normal: NTL or increased 

lateral: LTL). For the analysis of KAM variables a 2x4 design with the gait strategy) was used 

as the between-subject factor, and the lateral trunk lean at the beginning and at the latter 

phase of stance as the within-subject factors. All statistical tests were completed using JMP 

Pro 11 (SAS Institute Inc., Cary, NC, USA). 

Results 

The use of biofeedback to increase lateral trunk lean of healthy participants was successful. 

Peak trunk lean angle showed a significant increase from 2.74±2.05° in the NTL to 7.99±2.53° 

in the LTL (t20=7.47,p<.0001). Gait velocity was maintained between conditions (NTL= 

1.59±0.10ms-1 vs. LTL=1.61±0.09ms-1, t20=.89,p=.39).  

Two distinct gait strategies emerged when walking with 6° TL: maintaining a normal step width 

(NSW) between conditions (n=8, p<0.05) or widening step width (WSW) in response to the 

increasing TL (n=13, p>0.05). The two-way mixed model ANOVA (between subject: gait 

strategy (NSW and WSW), within subject: trunk lean (NTL and LTL)) revealed a significant 

interaction (F1,19=28.83, p<.0001, η=.60). Post-hoc comparisons showed that in the 6° TL, the 

WSW group increased step width (11.31±2.4 to 24.7±5.5 cm, p<.0001) whereas the NSW 

group maintained a constant step width (NTL=12.2±2.8 vs. LTL=13.7±4.7 cm, p>.05). 

Individual alterations in step width can be seen in Figure 2. 

[Figure 2] 

The two modes of walking with a trunk lean had a large impact on the KAM curves, as 

quantified by KAM impulse in the initial and latter phases of gait. The two-way mixed model 

ANOVA revealed a significant interaction (F3,17=6.22, p<0.005, η=0.52), with the post-hoc 

demonstrating the NSW group significantly reduced KAM impulse in the initial half (p=0.04), 

but not in the latter half of the stance phase (p>0.05). The WSW group reduced the impulse 

for both halves of the stance phase (p<0.001). A similar pattern was seen in KAM peak 

amplitude, with a significant interaction (F3,17=8.52, p<0.001, η=0.60). The WSW group 

reduced initial and latter KAM peaks (p<.004), but the NSW reduced initial KAM peak only 

(p<.05), Table 1. 
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[Table 1] 

The NSW and WSW groups varied in the timing of peak trunk lean in the LTL walk. The 

ANOVA revealed a significant interaction between gait strategy and time to peak trunk lean 

(F1,19=11.60, p<0.003, η=0.38). Post-hoc comparison showed the WSW group significantly 

delayed the time of the peak trunk lean (p<0.001), but the NSW group showed no changes 

(p>0.05).   

The centre of mass (COM) displacement showed neither an interaction (F1,19=0.39, p>0.05, 

ƞ2=0.02) nor a main effect of gait strategy (F1,19=1.09, p>0.05, ƞ2=0.05). The effect of trunk 

lean condition was significant (F1,19=20.82, p<0.001, ƞ2=0.52) with COM displacement 

increased from the NTL to LTL walk (Table 1). However, step width increases are continuous, 

with a wide range of increases seen, which may contribute to the lack of significance between 

groups. The mean COM displacement demonstrates the difference between groups (Figure 

3). The COM displacement increases from NTL to LTL walk to a greater extent in the WSW 

group in comparison to the NSW. 

Discussion  

This study has revealed two methods by which a cohort of healthy individuals achieves an 

increased TL: one increased step width (WSW) whilst the other maintained the same step 

width (NSW). When walking with 6° TL, the WSW group delayed the timing of peak trunk lean 

in comparison to their normal walk, whereas the NSW group did not. Further, there is an 

indication that a wider step width is associated with an increased COM displacement. These 

group differences impacted the KAM, with the WSW group demonstrating reductions in both 

the initial and later impulse and peaks, whereas the NSW only reduced the initial KAM 

variables.  

The mechanism behind the increase in TL differs for each group. In the WSW group, 

increasing step width reduces the restraint on the COM displacement [20] allowing the COM 

to displace further over the stance leg whilst remaining within the increased base of support. 

The decrease in frontal plane knee moments occurs as the GRF vector shifts laterally, creating 

a shorter moment arm [18]. 

 In the NSW group, a different strategy is employed in which the COM is displaced to a lesser 

extent (Figure 3). Due to the narrow base of support, this can only be possible by rearranging 

other body segments around the COM. As the trunk (two thirds of an individual’s mass [21]) 

leans over the support side, the rest of the body must shift to the opposite side to prevent a 

large COM displacement and imbalance. This movement most likely occurs as a pelvic thrust 
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forcing the whole leg to be tilted away from the support side (Figure 2). Such tilting of the leg 

is not dissimilar from the medial knee thrust described by Simic et al. [15] which moves the 

knee closer to the GRF vector, reducing the frontal plane moment arm and therefore the KAM. 

The decreased COM displacement would most likely lead to a more efficient gait as increasing 

step width when walking has been shown to result in increases in mechanical (54%) and 

metabolic (45%) costs [25].  

The NSW group reached peak TL earlier in the gait cycle than the WSW group. As the TL in 

the NSW group peaks at a similar time to the 1st peak KAM, the main effect of the TL occurs 

here. After the maximum TL is reached, the trunk moves back towards a neutral position. At 

the time of the 2nd peak KAM (about 75% of stance phase), TL values are similar to that when 

walking with a normal trunk lean, explaining why KAM moment is not reduced. The timing of 

maximum TL has previously been shown to influence 1st peak KAM reductions, with the 

optimal 1st peak KAM occurring when peak TL coincided with the time of 1st peak KAM [26]. 

Comparatively, in the WSW group, the peak TL value occurs at approximately mid stance 

causing a shallower increase and decrease in TL angle. This causes the COM to be displaced 

more laterally over the stance leg at the time of both KAM peaks in comparison to when 

walking normally. Therefore a reduction in KAM variables at both time points occurs. 

Previous literature has failed to report SW. However, there are result discrepancies that could 

be explained by these two gait strategies. Hunt and colleagues [27] found significant 

reductions for knee frontal plane moments were only seen in the first peak KAM. Although SW 

was not reported, peak TL occurred at approximately 25% of the stance phase, following the 

same pattern as the data produced in the NSW group. Further, the average 1st peak decrease 

of 25% was similar to the 21% average decrease reported for the NSW group. Caldwell and 

colleagues [28] similarly reported a 32% decrease in 1st peak KAM and a 7% decrease in 2nd 

peak KAM (3% decrease in this study).. Conversely, some studies found reductions across all 

three variables, such as that by Gerbrands and colleagues [14], who reported decreases of 

between 28-38% for all three KAM variables. The 2nd peak decrease of 38% is comparable to 

the 29% reduction in the WSW group in this study.  

It is accepted in the literature that modification to any lower limb joint during single-limb 

standing will impact other joints in the kinetic chain [29]. Adopting a gait strategy that spreads 

the excessive load from the affected joints over a number of different joints could reduce the 

likelihood of any joints crossing a threshold that would cause further problems to arise, such 

as increased local forces, leading potentially to back pain [30] or increased energy cost [31]. 

The use of the narrow step width combined with the trunk lean and necessary pelvic thrust 
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may well act as such a distribution mechanism across multiple joints, although this remains to 

be tested.  

It must be noted that this study has some limitations. As the two groups were not expected a-

priory, it was impossible to control the number of, or any factors between, participants in each 

group. Our simplified 3D body model included neither the arms nor the head, thus limiting the 

COM calculation accuracy. Further investigation needs to confirm the link between gait 

strategy and COM displacement as well as to quantify the extent to which the pelvic and hip 

kinematics change, to verify the suggested movement pattern reported here. The use of 

young, healthy participants in this study enabled identification of a new gait strategy and we 

believe our results provide evidence for developing and testing this paradigm in clinical 

populations, i.e. with knee OA.  

The results of this study have various applications. They provide a plausible explanation for 

previous inconsistencies in the literature. We have identified that step width must be 

considered and controlled for in future research. This research hints at the future ability to 

select gait modification strategies based on which phase of the gait cycle requires 

modification, thus individualising gait retraining strategies. For example, in patients with 

severe osteoarthritis typically the first peak of the KAM is increased [32] and so they could 

benefit from the NSW trunk lean with an opposite pelvic thrust while maintaining stability and 

energy expenditure due to unchanged sideways movement of the COM. 

Conclusions 
This study has identified two mechanisms for increasing trunk lean in healthy participants: 

increasing step width to enable an increase in COM displacement or by maintaining step width 

and using a pelvic thrust in the opposite direction to the trunk lean to maintain normal COM 

displacement. The delay in peak trunk lean in the WSW group allows a decrease in KAM 

throughout the stance phase in comparison to the NSW group in which the reduction is 

focused on the initial half potentially making it a beneficial gait modification in severe OA. An 

added advantage of NSW is that it provides more stability as walking with trunk sway is 

possible over a normal step width, and the energy cost of walking is not expected to increase. 
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Figure 1: Biofeedback system. Image A represents the screen image when the participant 

was stood straight. Image B shows the participant reaching the required zone to the left. The 

blue line has turned white and the end of the line is within the green circles zone. A noise 

would be heard at either green circle. Trials were only accepted if the line reached, but did not 

go over the correct zone.  
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Figure 2: Diagrams of the two gait strategies adopted when lateral trunk lean angle is 
increased, with corresponding lateral trunk lean angle and KAM curves. In the charts solid 
lines display means and shaded areas represent ± standard deviation.  
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Table 1: Mean and standard deviation of variables for wide step width and narrow step width 
groups. Values represent mean ± standard deviation. KAM = Internal knee abduction moment, 
COM = centre of mass. COG = centre of gravity 

 

 

  

 

 

 

 

 

 

 

 

 Wide step width  Normal step width  

 Normal trunk 
lean walk 

6° Trunk 
lean 

 Normal trunk 
lean walk 

6° Trunk 
lean 

 

Gait Velocity (ms-1) 1.58 ± 0.09 1.60 ± 0.09  1.45 ± 0.12 1.47 ± 0.08  

Step width (cm) 11.3 ± 2.4 24.7 ± 5.5  12.2 ± 2.8 13.7 ± 4.7  

Peak trunk lean (°) 2.8 ± 2.2 7.7 ± 2.7  2.5 ± 2.0 7.8 ± 2.4  

Time to peak trunk lean (% stance) 18.9 ± 6.2 43.5 ± 14.0  20.4 ± 8.4 26.9 ± 12.2  

COM displacement (cm) 1.98 ± 0.98 3.53 ± 1.05  1.64 ± 0.66 2.62 ± 1.74  

KAM (Nm/kg) 1st peak 0.50 ± 0.12 0.41 ± 0.15  0.38 ± 0.08 0.30 ± 0.10  

2nd peak 0.45 ± 0.10 0.32 ± 0.13  0.36 ± 0.10 0.35 ± 0.15  

Absolute KAM impulse 
stance phase (Nm/kg/s) 

1st half  0.11 ± 0.03 0.08 ± 0.04  0.08 ± 0.02 0.06 ± 0.02  

2nd half  0.09 ± 0.02 0.06 ± 0.03  0.07 ± 0.02 0.07 ± 0.04  
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Figure 3: Frontal plane COM displacement for a full gait cycle (heel strike to heel strike).  Each 
line represents the difference between normal walking and walking with the lateral trunk lean 
(LTL-NW). Graph displays means (solid lines) and standard deviations. The red line displays 
data for the narrow step width group and the blue represents the wide step width group. The 
COM displacement is greater in the WSW group despite both achieving the same degree of 
trunk lean.  
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