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Abstract

:

The prevalence of knee osteoarthritis (OA) increases with ageing and this research aimed to identify gait adaptations that could reduce OA by investigating ageing effects on knee joint biomechanics. Participants were 24 healthy young males (18–35 yrs) and 14 healthy older males (60–75 yrs). Three-dimensional motion capture (Optotrak) and walkway-embedded force plates (AMTI) recorded their natural preferred-speed walking and the following parameters were computed: knee adduction moment, knee joint vertical force, foot contact angle, toe-out angle, foot centre of pressure displacement, time to foot flat, step length, step width and double support time. A 2 × 2 (age × limb) repeated measures mixed model analysis of variance design determined main effects and interactions. Pearson’s correlations between knee kinetic parameters and stride phase variables were also calculated. Both knee adduction moment and vertical joint force were larger in the older group. Relative to the young controls, older individuals showed a longer time to foot flat, less toe-out angle and wider steps. Correlation analysis suggested that reduced toe-out angle and increased step width were associated with lower knee adduction moment; furthermore, knee joint vertical force reduced with greater step length. Future research could focus on intervention strategies for managing excessive knee joint stresses to prevent the ageing-related development of knee OA.
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1. Introduction


Knee osteoarthritis (OA) is a chronic and progressive condition that affects gait function and associated qualify of life. The condition is prevalent in senior individuals [1] and although the causes of OA are multifactorial, some risk factors are considered to be manageable. For example, people take 10,000 steps or more every day and modifications to walking patterns may, therefore, reduce the effects of suboptimal gait features that exacerbate OA. Bodyweight management can also effectively control knee joint kinetics in association with OA risk. Biomechanically, knee joint kinetics, particularly in early stance following foot contact, are expected to be indicative of OA risk [2]. The aim of the present investigation was to determine whether the management of foot contact impact and associated knee joint forces could be effective in controlling the progression of OA.



For OA prevention, more energy-efficient loading is key to reducing damage to the knee. This can be achieved by oscillating “impact” of foot contact through the stance phase as mechanical energy to activate toe-off without relying excessively on voluntary push-off [3]. The energy efficiency of loading in walking has been reported to be 60–70% due to mechanical energy dissipated in early stance; later required to be compensated by an injection of push-off forces [4,5]. Inefficient limb loading at foot contact may, therefore, lead to excessive mechanical energy transfer to the knee joint, stressing the protective articular cartilage and ligaments [6,7]. While a physical stimulus is important in promoting articular cartilage synthesis, excessive loading in everyday walking for a prolonged period of time can contribute to OA progression [6,8]. It is, therefore, important to investigate how ageing affects gait biomechanics influence foot–ground impact and associated knee joint kinetics. Our focus in this study was ageing effects on knee joint adduction moments and vertical forces (Figure 1).



Knee adduction moment is recognised as the key kinetic marker for Varus deformity and associated OA development, principally in the medial compartment [9]. Reducing adduction moment during early stance has, therefore, been proposed as an OA intervention and gait adaptations; less toe-out angle and increasing step width have been reported to reduce initial peak adduction moment and associated OA risk [10]. In addition, peak vertical knee joint force during early stance reflects the primary load and has been associated with damage to joint structures [11,12]. Due, in part, to difficulties in modelling knee joint forces their role in OA has been less thoroughly investigated but of the total knee joint force, the vertical component is largest due to gravitational effects on the whole-body centre of mass [13]. Chen et al. [14], for example, reported that increased body mass due to obesity imposed the larger loads on the knee joint and increased OA risks, indicating that vertical force is a risk factor.



Most previous experimental protocols designed to modify walking patterns in OA patients instructed participants to walk in certain ways to examine whether the gait adaptations would change knee joint kinetics [15,16]. In this project, however, as OA is more prevalent in older people, we compared the “natural” gait patterns of healthy, physically active older adults and young controls. It was hypothesised that older adults’ gait patterns would reflect increased knee loads, indicated by greater knee adduction moments and peak vertical force. We also correlated the knee kinetics and stride phase variables to determine the qualitative aspects of gait adaptations that may be effective in reducing the adverse effects of knee joint kinetics. A major advantage of correlation analysis is the capacity to probe the links between gait parameters without manipulating walking patterns experimentally.



To investigate potential associations with the loading response on the knee [17,18] in the current study we expanded the focus from fundamental spatio-temporal parameters, such as step width and toeing out [15], to other foot control variables; including foot contact angle, foot centre of pressure (COP) movement and time to foot flat. The research question addressed here was whether ageing-related gait adaptations may contribute to changes in knee joint kinetics that are specifically associated with the development of OA. As described above, if less toeing-out and wider steps reduce knee adduction moments, it was expected that correlation analysis would reveal other gait parameters that contribute to alleviating stresses on the knee joint. Such findings would be important in suggesting gait adaptations in older adults that could reduce both knee joint forces and adduction moments, leading to improved interventions for preventing OA, such as targeted, practical exercise programs specialised remedial footwear designs.




2. Materials and Methods


2.1. Participants


Participants were 24 healthy young (Mean 23.8 ± 3.2 yrs, Range 18–35 yrs) and 14 healthy older males (Mean 73.4 ± 8.0 yrs, Range 60–75 yrs); all participants were free of injuries or health conditions that may have adversely affected their gait. Physical characteristics were; height (young: 1.75 ± 0.05 m, older: 1.76 ± 0.06 m) and mass (young: 73.1 ± 12.7 kg, older: 77.8 ± 4.4 kg). Age groups were differentiated by age (p < 0.01) but not height (p > 0.05) or body mass (p > 0.05). To exclude gender effects and gait pathologies, including those due to OA, participants were limited to healthy males. Three participants in each group were left foot dominant, as determined using a procedure [19]. Older participants all maintained independent lifestyles, were capable of walking freely for 30 min or longer and reported no falls within the previous two years. Young participants were university volunteers while the older group was recruited through advertisements in a local newsletter. The Victoria University Human Research Ethics Committee approved the experimental protocol and all participants completed the approved informed consent procedures prior to participation.




2.2. Experimental Setup


Three Optotrak (Optotrak®, NDI, Waterloo, ON, Canada) motion capture cameras and two AMTI force plates sampling at 1000 Hz were set up on an 8-metre laboratory walkway. The three-dimensional (3D) position coordinates of joint anatomical landmarks were sampled from the Optotrack Infrared Light Emitting Diodes (IREDs) at 100 Hz. Prior to data collection, static trials were taken in the anatomical position for 5 s to later estimate joint kinematics and kinetics using biomechanical modelling within Visual 3D suits (C-motion, Inc., Germantown, MD, USA). A lower body skeleton model was developed to compute joint kinetics based on inverse dynamics. The femur was modelled by the greater trochanter, quadrate tubercle, lateral and medial epicondyle. The lateral and medial condyles and lateral and medial malleolus of tibia defined the shank. The foot complex was built using the heel (i.e., the proximal end of the foot) and the 2nd and 5th metatarsal heads, toe (i.e., the most anterior and superior surface of the foot) and lateral and medial malleolus.




2.3. Protocol


All participants walked in a straight line at preferred speed to collect 30 trials and either two or three complete gait cycles from both limbs were sampled on each trial (i.e., a total of 60 to 90 stride cycles per subject). A start position was determined such that at preferred walking speed either foot would strike the first plate and the other foot would land completely on the further (second) force plate. Raw position–time data were first interpolated using a window of up to 10 frames (0.1 s) to compensate any occluded signals. A 4th order zero-lag Butterworth Filter with a cut-off frequency of 15 Hz was then applied to smooth the kinematic data [20]. To define gait cycle phases and subsequent spatio-temporal parameters, toe-off and heel contact events were identified using algorithms based on widely-accepted kinematic parameters; validated using a criterion vertical ground reaction force threshold of 5N for both heel contact and toe-off, e.g., [21,22,23].




2.4. Parameters


There were no significant differences in physical characteristics between age groups as reported and, therefore, normalisation procedures were not applied to any variables, including kinetics, kinematics and spatio-temporal gait parameters. All parameters were described by the mean and standard deviation (SD), where SD reflects intrasubject variability, indicating consistency of gait parameters across multiple gait cycles (i.e., 60–90).



2.4.1. Knee Joint Kinetics


Knee joint kinetics were computed by inverse dynamics based on 3D modelling of lower limb joints including, foot, shank and femur (Figure 1). Rotational torque around the anterior–posterior axis was defined as knee adduction moment and the first peak during the stance phase was obtained. Knee vertical force was also measured at the first peak. Both kinetic parameters were indicated in absolute value as in Figure 1.




2.4.2. Foot Motion


As illustrated in Figure 2 (left) foot contact angle was formed between an axis connecting the toe-heel relative to the ground reference in the sagittal plane at heel contact. Toe-out angle was defined at heel contact in the transverse plane as toe-heel line relative to the walking (anterior) direction.




2.4.3. COP Displacement


As described in Figure 2 (right), COP displacement was defined from heel contact to the initial peak lateral displacement at zero velocity, analysed in absolute values. COP displacement indicates lateral COP motion immediately following foot contact.




2.4.4. Time to Foot Flat


Foot flat was identified at the initial frame where the vertical toe location after heel contact descended to the height obtained from the static calibration data recorded for 3D modelling. Time was recorded from heel contact to foot flat [24].




2.4.5. Spatio-Temporal Parameters


Step length and width were displacements between two consecutive heel contacts in anterior–posterior and medio-lateral directions, respectively. Double support time was temporal period from heel contact of one limb to contralateral toe-off, when both feet are on the walking surface. Lead-limb defined the dominance of parameters.





2.5. Statistical Analysis


A 2 × 2 (age × limb) mixed model analysis of variance (ANOVA) design was applied separately to all dependent variables to determine main effects and interactions. Tukey’s posthoc analysis was conducted for any interaction effect. Pearson’s correlations between knee kinetic parameters and other gait variables were calculated. All statistical tests were accepted as significant when computed “p” values ≤ 0.05.





3. Results


As described in Figure 3, the knee adduction moment was higher in the older group by 12.5 Nm as the main effect (F1, 36 = 12.80, p < 0.01). Limb effect indicated that knee adduction moment in the dominant limb was more variable than the non-dominant side by approximately 3 Nm (F1, 36 = 6.13, p < 0.05).



Vertical knee joint force was also 91.5 N greater in the older group (F1, 36 = 6.25, p < 0.05).



In Figure 4, ageing effects were observed in 0.034 s longer time to foot flat (F1, 36 = 7.09, p < 0.01) and 3.45° less toe-out angle (F1, 36 = 7.56, p < 0.01). No other statistical effects were identified.



As described in Figure 5, statistical significance was obtained only in the ageing effect on larger step width by 0.034 m (F1, 36 = 13.32, p < 0.01).



Table 1 presents correlations between knee kinetics and other examined gait parameters. High knee adduction moment was found to accompany greater variability, while the variability of knee joint force was negatively associated with increased adduction moment. Knee force and adduction moment demonstrated inverse correlations but this effect was qualified only in the young group. For foot contact angle, positive correlations were seen with knee adduction moment in the older group. Toe-out angle showed positive correlations with knee adduction moment only in the older group.



Correlation patterns with spatio-temporal parameters demonstrated that increased step length was interlinked with reduced knee force. Step length variability was negatively correlated with knee adduction moment. Increased step width in the older group was linked with lower knee adduction moment. Furthermore, step length was positively associated with foot contact angle (young: r = 0.454, p < 0.01, older: r = 0.419, p < 0.05) and negatively with double support time (young: r = −0.397, p < 0.05, older: r = −0.535, p < 0.01). Toe-out angle was negatively correlated with step width for the young (r = −0.650, p < 0.01) and older group (r = −0.493, p < 0.01). Increased toe-out angle was further correlated with COP movement (young r = 0.425, p < 0.01; older r = 0.707, p < 0.01).




4. Discussion


Older adults demonstrated higher knee joint loading confirmed by greater knee adduction moment and joint vertical force. Positive correlations between mean and SD suggest that increased knee adduction moment may be intermittent rather than on every step for the current healthy populations. In contrast, knee vertical force did not show this tendency, possibly indicating that high joint vertical forces may be more prevalent than adduction moment. As physical characteristics such as height and body mass were similar between the two age groups, the observed differences in knee joint kinetics can be attributed to ageing effects on walking patterns. While ageing has been reported to cause shorter step length, larger step width and prolonged double support [20], only increased step width was identified as the ageing effect on spatio-temporal parameters in the current study. This inconsistency can be explained by the fact that older participants in the current study were limited to healthy individuals, capable of walking for 30 min or longer and testing was conducted on an unobstructed laboratory walkway.



Although gait parameters were comparable between the two age groups, some foot control variables showed ageing effects, including less toe-out angle, greater time to foot flat and increased step width. Consistent with previous studies [15,16], correlations results suggested that both reduced toe-out angle and increased step width seen in older adults were associated with lower knee adduction moment. Toe-in gait has recently received attention for its effects on reducing knee adduction moment, possibly due to foot internal rotation preventing tibial abduction and shortening moment arm [2]. Traditionally, eversion support during early stance was considered to reduce moment arm of knee adduction moment and lateral wedge shoe-insole is widely recognised as the footwear intervention to evert the ankle and reduce adduction moment [25,26]. It is, therefore, possible that both eversion and internal rotation of the ankle during early stance may be effective in reducing knee adduction moment. Charlton et al. [27] also reported the possibility that toe-in gait may stimulate certain lower limb muscles and potentially help relieve knee joint loading. Negative correlations between toe-out angle and step width identified in the current research implied that wider steps would be closely associated with less toe-out angle (i.e., toeing-in), also found by Bennett et al. [15]. Increased step width, the medio-lateral displacement between the two heels, tends to result in pointing the toes inward relative to the heels. Age-related increase in step width and reduced toe-out angle may, therefore, be adaptive in achieving lower knee adduction moment among older individuals.



Contrary to expectation, our investigation of foot control mechanics, including foot contact angle, COP control and time to foot flat showed few direct associations with knee joint kinetics. Preventing flat-foot contact and the associated increase in time to foot flat were hypothesised to dissipate foot contact impact but the obtained results suggest that knee joint kinetics may be independent of these foot control mechanics. It is, however, possible that such foot impact dissipation strategies could reduce stress on the ankle or other lower limb joints. Toe-out gait was, however, found to be associated with larger COP displacement, possibly disadvantageous in dynamic balance control [28]. A further interesting finding, common to both age groups, was negative correlations between step length and knee joint force. Taking longer steps is possibly related to reduced knee joint force. This is a reasonable hypothesis because rather than stressing the knee joint, force may be utilised to increase step length. Efforts to take longer steps may reduce knee joint vertical compression. Interestingly, larger foot contact angle was associated with increased step length. Dorsiflexion at heel contact is responsible for increasing foot contact angle and ageing often impairs dorsiflexor strength [29].



Strength training or footwear interventions to compensate reduced dorsiflexion can possibly contribute to longer strides, which may reduce vertical knee joint forces by directing ground reaction force anterior. Caution should, however, be exercised with older adults because increased foot contact angle was accompanied by larger knee adduction moment. Shorter double support time is also considered to promote longer step length. As prolonged double support time has been identified as a typical gait adaptation to secure balance, particularly among frail populations including seniors [20], gait training to reduce excessively long double support time may help increase step length and potentially contribute to a reduction in knee joint vertical force. Balance support should be carefully considered when walking with longer steps or shorter double support time than usual for training purpose [9].



While the current research aimed to investigate whether ageing was a factor affecting knee joint kinetics and associated OA risks [7], the primary aim was to identify effective gait modifications to reduce OA risks by focusing on knee adduction moment and knee joint vertical force. Based on the current findings, practical intervention strategies to reduce OA risk should be devised with the following considerations. First, some reports have not identified direct links between these parameters and OA risk. From the perspective of gait biomechanics, knee joint kinetics should indicate stress of the knee joint, whereby damage beyond a threshold intensity, frequency and duration could lead to OA. Most well-known is adduction moment that compresses the medial part of the knee but controversy remains as to whether knee adduction moment is related to OA [7].



Second, modelling of knee joint kinetics is complex leading to different normalisation techniques, making direct comparisons between studies difficult. Body mass and stature can affect joint kinetics but in a comparison between groups, if there are no differences in physical characteristics, normalisation may not be necessary. When mean values are normalised, however, coefficient of variation, indicated by standard deviation divided by mean (SD/mean), may be the more suitable measure for variability. Joint moment calculation is relative to the length of the segment (i.e., bone) but normalisation by height may cause inaccuracy. Furthermore, joint kinetics are based on 3D biomechanics and there are multiple components to be considered for comprehensive modelling, including muscle forces and contributions from surrounding connective tissues [11]. In non-invasive software simulation, however, the addition of multiple factors can often require extra assumptions for modelling. In the current study, therefore, a relatively simple approach based on inverse dynamics within Visual 3D (C-motion) has been employed to measure knee adduction moment and vertical joint force.



Third, other biomechanical factors should be investigated to fully understand the role of joint kinetics in knee OA. One essential component is a sagittal plane analysis of knee joint kinetics involving flexion-extension moment and associated eccentric work and power absorption [30]. Quadriceps and other muscle groups (i.e., hamstrings, calf, plantarflexors and dorsiflexors) have been reported to help impact absorption [12,30,31,32]. It is also necessary to acknowledge that knee joint loading usually has two peaks in a gait cycle, as shown in Figure 1: early and late stance for foot contact and toe-off, respectively. While the current research focused on foot contact mechanics and associated OA risk, the push-off phase of the gait cycle may be equally important, with knee flexion moment considered a key kinetic marker [33]. Connective tissues such as ligaments should also be taken into account to fully describe the causes of OA and in terms of recovery, cartilage resynthesis in addition to mechanical factors relating to OA risks should be the essential aspect [8,34].



For the future direction of the study about biomechanical gait adaptations to control knee joint kinetics, the limitations of the current study have been addressed here. For the elimination of gender effects on obtained parameters, only the male population has been included in analysis. In future studies, it is necessary to confirm whether the findings of the current study are applicable to the female population. Comparison of healthy young and older individuals was appropriate to address the research aim of whether ageing alone influences joint kinetics associated with OA. While the current research design has identified the OA implications of knee adduction moment and vertical compression force, frailer seniors or older adults with OA symptoms may have different OA-related joint kinetics.



The current research thus provides the foundation for future studies to further our biomechanical and biomedical understanding of knee OA. In conclusion, both knee adduction moment and knee joint vertical compression force were found to be larger among the older group. Increased step width and reduced toe-out angle seem to be ageing-related gait adaptations to reduce knee adduction moment. Increased step length was, in contrast, possibly a strategy to reduce knee joint vertical force, which can be attained by an increased foot contact angle. The current outcomes should be used to design future studies to propose practical intervention strategies to minimise OA risk, particularly among older adults.
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Figure 1. Knee adduction moment and vertical force, the first peaks as highlighted. Both parameters indicated in absolute value. 
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Figure 2. Toe-out angle, foot contact angle, lateral centre of pressure (COP) displacement. 
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Figure 3. Knee joint kinetics: adduction moment (up) and vertical force (bottom); Dom/Non = dominant/non-dominant limb’s values; a = significant ageing effect, l = significant limb effect. 
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Figure 4. Foot Motion: (top left) foot contact angle; (bottom left) centre of pressure displacement; (top right) toe-out angle; (bottom right) time to foot flat, mean/SD; Dom/Non = dominant/non-dominant limb’s values; a = significant ageing effect, l = significant limb effect. 
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Figure 5. Spatio-temporal parameters. (top) step length; (middle) step width; (bottom) double support time, mean/SD; Dom/Non = dominant/non-dominant limb’s values; a = significant ageing effect, l = significant limb effect. 
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Table 1. Correlations, knee joint kinetics (adduction moment and vertical force) and gait parameters; SD = standard deviation indicating intrasubject variability over multiple gait cycles. * = p < 0.05, ** = p < 0.01.
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Add Moment

	
Vertical Force




	
Young

	
Older

	
Young

	
Older






	
Knee joint kinetics

	
Adduction Moment

	
-

	
-

	
-

	
-




	
Adduction Moment (SD)

	
0.552 **

	
0.795 **

	
−0.389 *

	
−0.288




	
Knee Vertical Force

	
−0.405 *

	
−0.199

	
-

	
-




	
Knee Vertical Force (SD)

	
0.346 *

	
−0.020

	
0.068

	
−0.180




	
Foot motion

	
Foot Contact Angle

	
0.223

	
0.511 *

	
−0.271

	
−0.358




	
Foot Contact Angle (SD)

	
−0.078

	
0.212

	
.084

	
−0.031




	
Toe-out Angle

	
−0.182

	
0.422 *

	
.097

	
0.007




	
Toe-out Angle (SD)

	
−0.064

	
0.292

	
.071

	
0.162




	
COP Displacement

	
−0.047

	
0.250

	
.064

	
0.052




	
COP Displacement (SD)

	
−0.110

	
−0.003

	
−0.212

	
−0.194




	
Time to Foot Flat

	
−0.005

	
−0.037

	
0.276

	
0.318




	
Time to Foot Flat (SD)

	
−0.184

	
−0.002

	
0.269

	
0.295




	
Spatio-temporal parameters

	
Step Length

	
0.113

	
0.258

	
−0.445 **

	
−0.703 **




	
Step Length (SD)

	
−0.347 *

	
−0.082

	
0.045

	
0.052




	
Step Width

	
0.174

	
−0.426 *

	
−0.282

	
0.074




	
Step Width (SD)

	
−0.095

	
−0.005

	
0.156

	
0.021




	
Double Support Time

	
0.056

	
0.052

	
0.139

	
0.352




	
Double Support Time (SD)

	
−0.155

	
0.016

	
0.220

	
−0.027
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