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Abstract
AIM
To analyse ground reaction forces at higher speeds 
using another method to be more sensitive in assessing 
significant gait abnormalities. 

METHODS
A total of 44 subjects, consisting of 24 knee osteo
arthritis (OA) patients and 20 healthy controls were 
analysed. The knee OA patients were recruited from an 
orthopaedic clinic that were awaiting knee replacement. 
All subjects had their gait patterns during stance phase 
at top walking speed assessed on a validated treadmill 
instrumented with tandem force plates. Temporal 
measurements and ground reaction forces (GRFs) along 
with a novel impulse technique were collected for both 
limbs and a symmetry ratio was applied to all variables 
to assess inter-limb asymmetry. All continuous variables 
for each group were compared using a student t -test 
and χ 2 analysis for categorical variables with significance 
set at α = 0.05. Receiver operator characteristics curves 
were utilised to determine best discriminating ability.

RESULTS
The knee OA patients were older (66 ± 7 years vs  53 ± 
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9 years, P  = 0.01) and heavier (body mass index: 31 ± 
6 vs  23 ± 7, P  < 0.001) but had a similar gender ratio 
when compared to the control group. Knee OA patients 
were predictably slower at top walking speed (1.37 ± 
0.23 m/s vs  2.00 ± 0.20 m/s, P  < 0.0001) with shorter 
mean step length (79 ± 12 cm vs 99 ± 8 cm, P < 0.0001) 
and broader gait width (14 ± 5 cm vs  11 ± 3 cm, P  = 
0.015) than controls without any known lower-limb joint 
disease. At a matched mean speed (1.37 ± 0.23 vs  1.34 
± 0.07), ground reaction results revealed that push-
off forces and impulse were significantly (P  < 0.0001) 
worse (18% and 12% respectively) for the knee OA 
patients when compared to the controls. Receiver 
operating characteristic curves analysis demonstrated 
total impulse to be the best discriminator of asymmetry, 
with an area under the curve of 0.902, with a cut-off of 
-3% and a specificity of 95% and sensitivity of 88%.

CONCLUSION
Abnormal GRFs in knee osteoarthritis are clearly evident 
at higher speeds. Analysing GRFs with another method 
may explain the general decline in knee OA patient’s 
gait. 

Key words: Gait; Treadmill; Ground reaction forces; 
Symmetry; Osteoarthritis; Knee

© The Author(s) 2017. Published by Baishideng Publishing 
Group Inc. All rights reserved.

Core tip: Top walking speed may unmask significant 
abnormalities which would not be seen at slower walking 
speeds. The use of impulse rather than solitary peaks 
in the analysis of ground reaction forces may be more 
sensitive in detecting significant abnormalities in gait.
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INTRODUCTION
Difficulty walking is one of the principal symptoms 
reported by patients with knee osteoarthritis (OA). 
Analysis of gait symmetry between right and left legs 
has been shown useful in identifying lower limb joint 
disease, particularly osteoarthritis[1]. Such data may be 
useful as a trigger for clinical intervention, given that 
significant asymmetry may lead to falls, injury to other 
joints and declining walking activity[2,3]. 

Previous studies analysing gait symmetry in OA are 
arguably limited in value by their use of slow speed gait 
protocols[4], with more recent studies demonstrating that 
slower speeds are employed as a protective mechanism 
by the patient, and can disguise the significant gait ab­
normalities apparent at higher speeds[5]. Furthermore, 

analysis at faster walking speeds may provide insight into 
why self-selected walking speed is reduced in knee OA 
patients, which is of particular interest given that a slow 
walking speed has been associated with decreased life 
expectancy[6].

Biomechanical (obesity, joint instability and malalign­
ment) factors play an important role in the development 
of OA[7,8], and the vertical ground reaction force (GRF) 
measured in gait laboratories is a useful non-invasive 
surrogate of internal joint loading[9]. Although repeatable 
and well described, GRF results are surprisingly variable 
in the published literature, which is likely due to the 
uncontrolled variation in walking speed during assess­
ments[5]. Analysing GRF symmetry offers a potential 
method of removing the effect introduced by variations 
in speed, given that the patient’s normal limb acts as 
a control when compared to the diseased contralateral 
limb. Moreover, most studies only use single “peak” data 
points for GRF during the gait cycle[10], which may fail 
to capture the variation between subjects afforded by a 
more detailed analysis. 

The aim of the study was to: (1) assess the gait 
patterns and symmetry of patients with knee OA at top 
walking speed with the aid of an instrumented treadmill; 
and (2) apply a new method of assessing ground reaction 
force symmetry. The null hypothesis was that top walking 
speed and a new method of analysis would show no 
differences. 

MATERIALS AND METHODS
Participants 
A total of 44 subjects, consisting of 24 knee OA patients 
and 20 healthy controls, were included in this study 
ethically approved by the joint research office (10/
H0807/101). Patients with unilateral symptomatic knee 
OA awaiting knee arthroplasty were recruited from 
an orthopaedic knee clinic. All subjects had primary 
knee osteoarthritis and were cardio-vascularly fit, with 
no further lower limb or joint disease. Standard pre-
operative knee radiographs of the OA patient group 
were used to assess disease severity using Kellgren 
and Lawrence (KL) grading[11]. In order to aid validity 
and interpretation of subsequent data, patients with 
neurological, medical or other lower limb conditions were 
excluded, as these variables may also have affected 
walking ability. This study utilised a control group comprising 
of healthy staff members, who were free from neurological 
or joint problems. Test subjects were recruited by a 
single research assistant. Gait analysis was undertaken 
using a blinded assessor to avoid testing bias. 

Gait analysis and data collection
Gait analysis was performed using a validated treadmill 
instrumented with tandem piezo-electric force plates 
(Kistler Gaitway®, Kistler Instrument Corporation, Amherst 
NY). All participants gave informed consent before tread­
mill testing began. After an acclimatisation period at 
4 km/h, speed was increased incrementally until top 
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walking speed (TWS) performance had been attained. 
TWS was defined as the fastest speed a subject could 
walk without running. All walking measurements were 
collected without the aid of any props using a standardised 
testing protocol[12]. Vertical ground reaction forces, centre 
of pressure (COP) and temporal measurements were 
collected for both limbs with a sampling frequency of 100 
Hz over 10 s. Gait data was subject to averaging by a 
custom written MATLAB software script as a 10 s interval 
normally recorded a minimum of 5 steps for each limb. A 
validated body weight normalising (BWN) was applied to 
the force results to correct for mass differences[13].

BWN force = Ground reaction force/(body mass × gravity)

The data was further divided into affected (A)/
unaffected (UA) limb for the OA group, and right/left 
limb for the healthy controls. A previously described 
and validated symmetry ratio (SR)[14], was applied to all 
variables. 

SR= [(XA/XUA) - 1] x 100%

SR values describe the percentage difference 
between limbs, with zero indicating complete symmetry. 
Negative values indicated worsening asymmetry with 
respect to the affected limb in the OA group and the 
right limb in the control group. 

Impulse values were calculated from the vertical GRF 
data. Impulse takes into account both the magnitude of 
loading and duration of stance phase of a limb. The total 
and each phase peak of impulse was assessed on the 
“M” pattern force curve, comprising weight acceptance 
(WA) and push-off (PO) impulse. These peaks were 
identified using a MATLAB script to segment the data, 
with the limits of integration defined as 5% of force time 
either side of the maximum value. Figure 1 illustrates the 
calculation of weight acceptance impulse during stance 
phase between right and left legs. The same technique 
was also used for push-off and total impulse used the 

entire curve. 

Statistical analysis
Statistical analysis was performed with SPSS (IBM 
SPSS Statistics, version 20). For continuous variables 
between the groups an independent t-test was used 
and for categorical variable (gender), a χ 2 test was 
used. A significance level of α = 0.05 was employed 
throughout. Shapiro-Wilk test showed the gait variables 
to be normally distributed. Variable data is presented as 
means with standard deviations. 

Receiver operating characteristics (ROC) curves were 
utilised to determine which gait symmetry variables had 
the best discriminating ability. Categorisation of the area 
under the curve (AUC) was performed, with AUC above 
0.7 determined as fair, above 0.8 good and above 0.9 
as excellent discriminating ability[15]. 

OA patients’ top walking speed results were pre­
dictably slower than the healthy group, and were hence 
also compared to the healthy group’s preferred walking 
speed, which was more comparable.

RESULTS
Patient and control characteristics are provided in Table 
1. The most common disease severity grade of OA 
was 2 using Kellgren and Lawrence system. Nineteen 
patients had medial tibiofemoral OA with an element of 
patellofemoral OA. Two patients had lateral tibiofemoral 
OA and remaining three had primarily patellofemoral OA. 
None of the patients had significant joint bone deformity 
and an intermediate grade of knee OA can be concluded. 

Preferred and top walking speed for the knee OA 
patients was predictably and significantly slower (P < 
0.0001) than the controls (1.09 m/s vs 1.34 m/s and 
1.37 m/s vs 2.00 m/s respectively). Step length was also 
reduced at TWS (79 cm vs 99 cm, P < 0.0001), with a 
broader gait width (14 cm vs 11 cm, P = 0.015) as seen 
in Table 2. As ground reaction forces are partly speed 
dependent[16] (Figure 2), analysis comparing the knee OA 
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Figure 1  Impulse analysis during weight acceptance: Comparing the knee osteoarthritis limb to the contralateral normal side. OA: Osteo­arthritis.
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results to the control group’s preferred walking speed was 
done given that they were similar (1.34 m/s vs 1.37 m/s P 
= 0.56). Push-off force and total impulse were significantly 
(P < 0.0001) less (22% and 12% respectively) than the 
controls (Table 2 and Figure 3). This was also seen at 
the knee OA preferred walking speed, but became more 
pronounced at top walking speed. The knee OA patients 
were also significantly more asymmetrical than the healthy 
controls, with the greatest difference between limbs (Table 
2) seen during single limb stance time (8%, P = 0.001), 
push-off impulse (7%, P = 0.050) and total impulse (7%, 
P < 0.0001). ROC analysis of the gait symmetry variables 
(Table 3) at TWS demonstrated that total impulse (Figure 
4) was the best discriminator of symmetry with an AUC of 
0.902, with a cut-off of -3% and a specificity of 95% and 
sensitivity of 88%. 

DISCUSSION
By analysing gait ground reaction forces and symmetry 
at top walking speed, this study set-out to determine 

the changes in gait associated with the general decline 
in walking speed seen in patients with knee OA. In 
accordance with previous studies[17,18], compared to 
healthy controls the OA group walked more slowly and 
asymmetrically, with a wider based gait, and a shorter 
step length. Furthermore the study demonstrated that 
testing at top walking speed elicited differences in gait 
which would not ordinarily be detected at slower walking 
speeds. 

Of most interest was that the OA patients had a 
significantly lower, and less symmetrical, push-off force 
and push-off impulse compared to healthy controls - 
suggesting a weakness during the terminal stance phase 
is a factor causing slower walking speeds. This may be 
secondary to loss of muscle power around the joint, a 
theory supported by Baert et al[19]’s finding of a 37% 
decrease in isometric knee extension power in early 
OA, and a 56% decrease in established OA patients, 
when compared to a matched control group. This loss 
may also be due to pain and the progressive attrition 
of muscle power due to the decreasing activity found in 
a biomechanically faulty knee. Nevertheless Bytyqi et 
al[20] demonstrated 11.6 degree loss during knee flexion/
extension during comfortable walking in patients with OA 
when compared to controls which would further explain 
the importance of power and improved knee kinematics 
to achieve faster walking speed. This is of clinical value 
to surgeons and patients alike, given that it reinforces 
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Subject Control Knee OA

Sex M:F 7:13 8:16
Age (yr)   52.5 (8.8)    65.5 (7.2)1

BMI   23.2 (6.6)    31.2 (6.1)1

Leg length (cm)   89.3 (5.6)    85.1 (5.9)1

Height (cm) 168.5 (7.5) 164.1 (7.9)
Total KL score NA     2.5 (1.1)

Table 1  Subject characteristics

1Significant difference between OA group vs control at PWS (P < 0.05). 
OA: Osteoarthritis; NA: Not available; PWS: Preferred walking speed; KL: 
Kellgren and Lawrence; BMI: Body mass index.

ROC curve: Impulse symmetry ratio
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control group’s preferred walking speed was similar to 
the OA group’s top walking speed with identical step 
length (79 cm vs 79 cm), allowing for a fair and better 
comparison. Additionally the intended objective was 
not to determine which group was faster but rather, 
which factors caused them to be slower. Nevertheless 
a previous 3-D kinematic gait study looking at knee 
movements did not observe a difference in fast walking 
speed in knee OA patients despite them being almost 
10 years older than the health controls[25]. And as 
previously discussed, by looking at asymmetry, in effect 
patients act as their own controls if they have one 
healthy, un-affected, knee. In common with many other 
gait studies, our OA group were significantly heavier 
than controls, which is unsurprising given that high BMI 
is a perhaps the greatest known risk factor for OA[5,25]. 
However, all ground reaction forces were normalised 
for body weight to minimise the bias introduced by 
this difference between groups. Lastly this is a cross-
sectional study and it would have been interesting to 
see whether interventions such as physiotherapy, foot 
orthotics, or knee surgery could restore normal ground 
reaction forces and symmetry while walking. 

In conclusion, this paper reconfirms the gait ab­
normalities seen with knee OA, but for the first time 
using ground reaction forces at top walking speed and 
a novel method of analysis. Reduced push-off and 
overall loading (impulse) are key factors in limiting the 
top walking speed of patients with OA. Higher than 
expected weight acceptance loads are potential causes 
for patients wearing out their joints. Furthermore OA 
patients demonstrate significant asymmetry in almost 
all parameters of gait biomechanics, with ROC analysis 
identifying total impulse as the variable with the best 
discriminating ability. Longitudinal studies are required, 
but these features may be useful in the screening and 
rehabilitation of patients at risk of developing, or with 
early knee arthrosis. 
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