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Abstract

:

Lateral wedge insoles are recommended in order to minimize the impacts of osteoarthritis of the knee. The amount of wedging required to induce a biomechanical response with clinical significance is still controversial. This study aimed to investigate the immediate biomechanical effects of different amounts of wedging in symptomatic medial knee OA. A 3D motion capture system and five force platforms were used to acquire walking kinematic and kinetic data along a 10 m walkway. Each participant was tested for six different lateral wedge insoles (0, 2, 4, 6, 8, and 10°) in a randomized order. Thirty-eight patients with medial osteoarthritis of the knee were recruited. The application of insoles resulted in an incremental reduction of the first peak of the external knee adduction moment under all experimental conditions in comparison with the control condition (0° insole). A significant increase (p < 0.05) was observed in peak ankle eversion and in ankle eversion at the first peak of the external knee adduction moment with insoles higher than 8° and 6°, respectively. Slight variations to lateral wedge insoles, greater than 2°, appear to induce significant biomechanical changes in patients with knee osteoarthritis.
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1. Introduction


Osteoarthritis (OA) is a major disease that occurs throughout the world; it is associated with significant morbidity and is a cause of chronic pain and limited activity, such as walking, and can even affect the quality of sleeping [1,2]. Although relief from pain is a major and immediate aim, it is also important to minimize the risk of disease progression over time.



The mechanical factor of excessive load on the knee seems to explain the substantial number of cases of knee OA [3]. Biomechanical interventions are among the recommended treatments for managing the disease over time [4]. Lateral wedge insoles are orthotic devices that are placed within the shoes in order to significantly reduce the risk factors associated with knee OA [5]. The biomechanical result of the use of lateral wedge insoles seems to be a decrease in the external knee adduction moment (EKAM) [6,7]. EKAM is a parameter that quantifies the contribution of the ground reaction force (GRF) to the rotation of the lower leg around the knee. Increasing the values of EKAM may be caused by, and also contribute to, a more pronounced knee varus alignment, intensifying the load on the medial compartment of the knee [8]. The first peak of EKAM during the stance phase of the gait, which is often the higher one, has a strong correlation with the severity of the radiographic disease and has been associated with more intense and frequent pain [9].



The amount of wedging that is needed to induce a biomechanical response with clinical significance is an essential research question, given that the effects on the clinical condition are still controversial [5,10,11,12]. Different amounts of lateral wedging have been suggested, such as 4, 5, 6, 10, or 11° [13]. Previous studies have failed to demonstrate effectiveness in patients with osteoarthritis of the knee, despite the acute effects on the biomechanics of these types of insoles [14]. To the best of our knowledge, only one study has tried to understand the biomechanical effects of several wedging angles [15]. However, this previous study, regardless of some interesting findings, was carried out on young, healthy individuals. Another aspect that should be considered is the adaptation of patients to the use of insoles. Insoles with very high angulations are usually uncomfortable, especially angulations greater than 8° [13]. On the other hand, very low angulations may not have any biomechanical effects.



The fact that there are some patients who do not respond biomechanically and clinically to the application of different lateral wedge insoles [16,17,18] seems to provide justification for customized interventions. Therefore, understanding whether slight variations to lateral wedge insoles can induce significant biomechanical changes in patients with knee osteoarthritis could be an important contribution to justify their customization and it could improve the clinical condition, in particular for patients with similar characteristics, such as the knee morphology. Thus, the aim of the present study was to assess the acute effects that small variations in lateral wedge insoles have on the ankle and knee biomechanics in patients with varum malalignment and medial knee OA.




2. Materials and Methods


2.1. Participants


Thirty-eight participants (15 males and 23 females, mean age of 61.6 ± 8.4 years, mean mass of 75.8 ± 12.8 kg, mean height of 1.61 ± 0.09 m, and mean body mass index (BMI) of 29.3 ± 5.1 kg/m2), all of which had symptomatic medial knee OA, were recruited from local hospitals (Table 1). Of the 38 participants, 16 patients were grade 2 (42.1%) and 22 (7.9%) were grade 3 on the scale of Kellgren and Lawrence.



The clinical and radiological inclusion criteria followed those established by the American College of Rheumatology [19]. Other specific inclusion criteria were ages from 45 to 80 years old, grades 2 and 3 on the Kellgren and Lawrence grading scale [20], and a mechanical axis angle lower than 181° in females and 183° in males, indicating varus malalignment in the painful knee (scored by an orthopaedic doctor) on a full-length anteroposterior radiograph. Participants were excluded if they presented the following joint prostheses, symptomatic evidence of lateral knee OA, patellofemoral OA, knee surgeries within the previous six months, systemic arthritic conditions, previous use of insoles, BMI’s higher than 35, and any other condition that could impair assessments of gait or balance.



The protocol was approved by the hospital and university ethics committees and was performed in accordance with the World Medical Association Declaration of Helsinki-Ethical Principles for Medical Research involving Human Subjects. Written informed consent was received from all participants.




2.2. Equipment and Data Acquisition


A 3D motion capture system (Qualisys, Gothenburg, Sweden), which included 12 optical cameras (Oqus) sampling at 200 Hz and six force platforms (Bertec, Columbus, OH, USA) sampling at 1000 Hz, was used to acquire walking kinematic and kinetic data along a 10 m walkway.



The calibrated anatomical system technique (CAST) was used [21]. Forty-two reflective markers were placed on each subject’s bony landmarks, bilaterally, to reconstruct the position and orientation of the lower limbs and pelvis as described in previous studies [22,23]. The markers located at the calcaneus, as well as the first, second, and fifth metatarsal heads, were attached to the shoes, and the feet were assumed as rigid bodies. Four rigid clusters were also placed bilaterally, on the anterior−lateral aspect of the thigh and of the lower-leg to better follow the segments [24]. A static calibration of the markers was performed before walking trials for all of the conditions.



Participants were not given any instructions other than to walk at their self-selected paces until they had performed at least six valid trials on each of the experimental conditions. A valid trial was set when the subject had walked naturally, and the entire foot had contacted the force plate surface without going beyond its contours. Six experimental conditions were tested in a randomized order: a control condition (shoes with 0° insoles) and lateral wedge insoles with 2, 4, 6, 8, and 10°.



The insoles were full length, custom made with pronating wedges along the lateral border of the foot to the head of the fifth metatarsal (Capron Podologie, France; Ref.: 8004F) (Figure 1). Participants used their own shoes (flat shoes without heels or wedges) to decrease the relevant biomechanical changes with the use of unfamiliar shoes [25]. The insoles were adapted to the size of the feet and were worn bilaterally, but only the data for the most painful knees are presented.




2.3. Data Analysis


Data were previously treated using the Qualisys Track Manager software (Qualisys, Gothenburg, Sweden) to identify, edit, and process the marker trajectories. Post-processing calculations of the kinematic and kinetic time series data in the three planes were conducted using Visual3D software (C-Motion, Rockville, MD, USA) [26]. All of the data were filtered using a Butterworth fourth order filter (6 Hz). The ankle and knee joint centres were calculated as the midpoints between the malleoli and femoral epicondyles, respectively.



The main biomechanical parameters studied were range of motion, joint moments, and joint power. The lower limb joint angles (using an X-Y-Z Euler angle rotation sequence equivalent to the joint coordinate system) and joint moments (determined through inverse dynamics) were computed and expressed relative to the proximal segment. The peak values for the lower limb joint angles and joint moments of force, as well as time−distance parameters, were identified by the software for each set and for each participant. The first and second peaks were additionally identified from each of the EKAM waveforms. The kinematic joint data were expressed in degrees. The kinetic data were normalized to body mass (BM) (Nm/kg). The knee adduction angular impulse (KAAI) was calculated by integrating the EKAM signal for the stance phase (in % BM × time). The kinematic and kinetic data were normalized in time to 100% for the stance phase. Time to the first peak of the EKAM was calculated from the initial contact of the foot on the stance phase. Power (W/kg) was computed in the segment coordinate system, and a positive power output suggests concentric muscle action (power generation), while a negative power output indicates eccentric muscle activity (power absorption).




2.4. Statistical Analyses


The mean values of the kinematics and kinetics data were exported to SPSS 25.0 (IBM, Chicago, IL, USA) and were processed using a single factor: repeated measures analysis of variance. To adjust for multiple testing, Bonferroni corrections were made with an α level of 0.05 or less (two-sided) for determining statistical significance. Post hoc pairwise comparisons were used to understand the differences between the experimental conditions and the control condition (0° insole). The effect size was computed based on the differences between the means (Cohen’s d), and was interpreted as follows: small = 0.2, medium = 0.5, and large = 0.8 [27].





3. Results


The health status of the participants was assessed by the Knee Injury and Osteoarthritis Outcome Score (KOOS). The male gender presented the following in the KOOS subscales: 49.0 in pain, 60.4 in symptoms, 56.3 in activities of daily living, 34.0 in sports, and 35.0 in quality of life. The female gender presented the following in the KOOS subscales: 51.6 in pain, 59.2 in symptoms, 55.1 in activities of daily living, 37.8 in sports, and 43.7 in quality of life.



3.1. Ankle Biomechanical Parameters


Significant increases in peak ankle eversion and ankle eversion at the first peak of the EKAM were observed for insoles equal to or higher than 8° (Table 2).



There was a difference with statistical significance at the peak ankle eversion moment for insoles that were equal to or higher than 6°, with a medium effect size for the 6 and 8° insoles, and a large effect size for the 10° insole.



The ankle eversion moment at the first peak of EKAM increased, with statistical significance, for insoles equal to or higher than 4°, with a medium effect size for the 8 and 10° insoles. For insoles higher than 8°, there was a significant increase in peak ankle power absorption in the frontal plane, with a medium effect size for the 10° insole. This absolute peak occurred before the first peak of EKAM, immediately following the initial contact of the stance phase (Figure 2). In the first peak of the EKAM, there was a balance between power generation and absorption (in the frontal plane), with non-incremental effects due to the insoles.




3.2. Knee Biomechanical Parameters


The data for the application of insoles showed an incremental reduction in the first peak of EKAM under all of the experimental conditions (Figure 3). With the 2° insole, there was a reduction of 0.024 Nm/kg, and with the 10° insole, there was a reduction of 0.050 Nm/kg (Table 2). There were no changes in the second peak of EKAM. However, there was a significant decrease in KAAI with insoles higher than 8°. In general, there was a small effect size in the main biomechanical parameters of EKAM. No differences were observed in knee power, except in the transverse plane, with a significant decrease with insoles higher than 8°. There were no changes in gait speed with the different insoles (m/s): 0° insole (1.145 ± 0.169), 2° insole (1.136 ± 0.147), 4° insole (1.138 ± 0.150), 6° insole (1.142 ± 0.155), 8° insole (1.147 ± 0.166), and 10° insole (1.136 ± 0.128).





4. Discussion


The aim of the current study was to assess the acute effects that small variations in lateral wedge insoles have on ankle and knee biomechanics in patients with varum malalignment and medial knee OA.



Generally, the participants presented significant changes in the ankle, mainly at the frontal plane of movement, and less biomechanical changes in the knee. The ankle eversion movement increased with the wedging angle, and this was significant for the 8° and 10° insoles. The angle of the ankle during the first peak of EKAM also increased, and this was significant with the 8 and 10° insoles. These adjustments were even more clear at the eversion moments, which is consistent with the literature [28,29]. No significant changes were observed at the sagittal and horizontal planes for the ankle and knee joints.



There was a significant increase in the peak ankle eversion moments, during the first peak of the EKAM for insoles equal to or greater than 4°. In the same way, ankle power absorption was observed before the first peak as a biomechanical response to wearing lateral wedge insoles. This absorption had statistical significance for insoles equal or higher than 8°. At the same time, in the knee, there was also a mechanism of power absorption, although without statistical significance and of a lesser magnitude (Figure 3). These adjustments can be explained in part by a change in neuromuscular control during movement with the presence of lateral wedge insoles. In the frontal plane, the presence of insoles at the initial contact phase will force the foot on the ground into greater eversion (Figure 2), generating a greater moment of eversion. Therefore, the foot attack to the ground in a slight inversion, with the presence of a lateral wedge insole, will improve the absorption of power. A possible explanation is that these movements that are under the control, in particular, of the tibialis anterior [30], as well as the presence of a lateral wedge insole, may reinforce the eccentric muscular action of this muscle [31,32].



In attempting to understand the effects that took place in the knee, it is interesting to note that the kinematics did not change with the different insole conditions. Nevertheless, a significant reduction in the first peak of EKAM for the experimental insoles was observed in comparison with the neutral insoles. The findings from the present study reinforce the evidence that lateral wedge insoles significantly reduce the first peak of EKAM [5,33]. However, in our study, there were changes even with the smallest angle applied (2° insoles). This result is similar to a previous study, suggesting that any slight change under the foot induces adaptations in the upper segments [34]. Therefore, the use of slight angulations could be a curious field of investigation, as high angulations under the foot usually cause greater discomfort during use [13]. Furthermore, the use of small changes in the material used in the insoles apparently also has an influence on the biomechanical parameters [35].



The time taken to reach the first peak of EKAM was extended with higher insoles, and this value was significant with insoles equal to and higher than 6°. This change was 8.2% higher than with the control insole (Table 2), and could be explained by the increased ankle eversion movement caused by the incremental increase in the insoles, which caused a slight delay to the peak of EKAM [36].



The changes in EKAM in our study are similar to those observed in previous studies [37,38], and it seems that this reduction is achieved essentially through the mechanical adaptation of the ankle during the initial contact of the stance phase. This adaptation, in turn, is responsible for orienting the GRF vector to a more medial position, thus reducing the moment arm of the knee. In addition, the results and observations shown in the charts (Figure 2) of our study indicate that these mechanical adaptations will trigger the capacity of the adjacent muscles to increase the absorption of forces generated by the support of the foot on the ground.



To the best of our knowledge, this is the first study that assesses the acute effects of small increments in lateral wedge insoles on biomechanics in patients with knee OA. Previous studies that attempted to examine the effects of lateral wedge insoles focused only on the knee or used only one or two insoles. The present study used six lateral wedge insoles with a 2° incremental difference between them, which allowed for a more extensive observation of the biomechanical effects of lateral wedge insoles. Understanding how these small changes in the angulation of the insoles influence the biomechanical behaviour may, in the future, allow for an improvement in patient symptoms. The prescription of an insole with the correct angulation, which potentiates the reduction of the mechanical load in fragile areas of the knee, may promote the quality of life of these patients.



The present study has some limitations. Initially, it did not consider the morphology of the feet. A previous study [39] suggested that foot alignment has different effects in kinematics when patients are wearing lateral wedge insoles. Analysing the effects of different angulations, taking into account the morphologies of the foot, can add useful information to this subject. On the other hand, our biomechanical model considers the foot as a rigid body. The use of other models, such as the Oxford model, may bring additional information. On the other hand, a differentiated analysis was not performed at different levels of the K/L scale. The increased severity of knee OA could impact the response to insoles. Finally, this study investigated only the immediate effects on biomechanics. Future studies should seek to understand the implications of small changes in the foot for the clinical condition in patients with knee OA, but in the long term.



In brief, our findings showed that lateral wedge insoles clearly reduce medial load on the knee, particularly at the first peak. This reduction in the mechanical medial load on the knee may have long-term clinical implications, such as delaying the progression of OA or even improving the clinical condition. Further research is needed over a longer time frame to conclusively determine the effects of lateral wedge insoles on joint structure.




5. Conclusions


Slight variations in the lateral wedge insoles induced adaptations in incremental ways only in the frontal plane, suggesting that these are the adaptations that trigger the changes in the EKAM. Increased ankle eversion in the foot during the stance phase seems to be the primary mechanism of the action of lateral wedge insoles. It appears that even small changes under the foot induce significant biomechanical changes in the knee. The use of this simple and low-cost orthosis with minor angulations may change the biomechanics of patients with knee OA.
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Figure 1. The six experimental insoles used in the study. 
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Figure 2. Ankle angles, moments, and power waveforms during the stance phase (horizontal line) in the sagittal, frontal, and transverse plane. Each colour line represents the mean for different wedge insoles. The vertical dashed lined represents the timing of first peak of EKAM for the neutral condition (0° insole). Note the different vertical scales used for clarity. *: indicates statistical significance. 
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Figure 3. Knee angles, moments, and power waveforms during the stance phase (horizontal line) in the sagittal, frontal, and transverse plane. Each colour line represents the mean of different wedge insoles. The vertical dashed lined represents the timing of the first peak of EKAM for the neutral condition (0° insole). Note the different vertical scales used for clarity. *: indicates statistical significance. 
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Table 1. Patient demographics.
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	Minimum
	Maximum
	Mean
	Standard Deviation





	Age (years)
	45.0
	78
	61.6
	8.4



	Height
	1.38
	1.77
	1.6
	0.01



	Body mass index
	20.8
	35.5
	29.3
	5.1
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Table 2. Biomechanical parameters at the knee and ankle (bold indicates significance).
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	(n = 38)
	0° Insole
	2° Insole
	4° Insole
	6° Insole
	8° Insole
	10° Insole





	Peak ankle eversion [°]
	4.4 (±3.1)
	4.5 (±3.1)
	4.8 (±3.0)
	5.1 (±2.9)
	5.5 (±3.0)
	5.5 (±3.1)



	p-values
	
	1.000
	1.000
	0.105
	0.001
	0.009



	Cohen’s d
	
	0.052
	0.136
	0.232
	0.374
	0.364



	Ankle eversion at 1st peak EKAM [°]
	3.8 (±3.1)
	3.9 (±3.0)
	4.3 (±3.0)
	4.6 (±3.0)
	5.0 (±3.1)
	4.9 (±3.3)



	p-values
	
	1.000
	1.000
	0.087
	0.000
	0.018



	Cohen’s d
	
	0.043
	0.158
	0.253
	0.400
	0.357



	Peak ankle eversion moment [Nm/kg]
	0.052 (±0.039)
	0.061 (±0.038)
	0.066 (±0.040)
	0.074 (±0.044)
	0.080 (±0.039)
	0.087 (±0.044)



	p-values
	
	0.197
	0.696
	0.043
	0.000
	0.000



	Cohen’s d
	
	0.234
	0.354
	0.529 *
	0.718 *
	0.842 **



	Ankle eversion moment at 1st peak EKAM [Nm/kg]
	0.020 (±0.065)
	0.032 (±0.062)
	0.041 (±0.058)
	0.050 (±0.062)
	0.058 (±0.056)
	0.060 (±0.067)



	p-values
	
	0.104
	0.000
	0.000
	0.000
	0.000



	Cohen’s d
	
	0.189
	0.341
	0.472
	0.626 *
	0.606 *



	Peak ankle power absorption (frontal plane) [W/kg]
	−0.097 (±0.055)
	−0.113 (±0.064)
	−0.109 (±0.062)
	−0.114 (±0.069)
	−0.122 (±0.064)
	−0.138 (±0.072)



	p-values
	
	0.173
	0.357
	0.222
	0.004
	0.000



	Cohen’s d
	
	0.268
	0.205
	0.272
	0.419
	0.640 *



	1st Peak EKAM [Nm/kg]
	0.452 (±0.183)
	0.428 (±0.181)
	0.421 (±0.182)
	0.424 (±0.189)
	0.410 (±0.183)
	0.402 (±0.182)



	p-values
	
	0.005
	0.000
	0.000
	0.000
	0.000



	Cohen’s d
	
	0.131
	0.170
	0.151
	0.230
	0.274



	KAAI [Nm/kgxs]
	0.196 (±0.104)
	0.188 (±0.107)
	0.183 (±0.097)
	0.185 (±0.100)
	0.177 (±0.097)
	0.177 (±0.100)



	p-values
	
	0.531
	0.109
	0.077
	0.001
	0.000



	Cohen’s d
	
	0.076
	0.129
	0.108
	0.189
	0.186



	Time to 1st peak EKAM [s]
	0.184 (±0.058)
	0.194 (±0.061)
	0.195 (±0.063)
	0.199 (±0.065)
	0.197 (±0.062)
	0.202 (±0.064)



	p-values
	
	0.060
	0.115
	0.037
	0.001
	0.000



	Cohen’s d
	
	0.168
	0.182
	0.244
	0.217
	0.295







Values reported as mean (±SD); p value: difference from the 0° insole; Cohen’s d: comparation with a 0° insole; * effect size: medium; ** effect size: large.
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