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Abstract


Flatfoot causes abnormal biomechanics in the lower extremity, resulting in discomfort and excessive burden on lower extremity muscles during functional tasks, and it potentially leads to associated syndromes in the lower extremity. The aim of this study was to investigate how a demanding, repetitive task affects the muscle strength, activities, and fatigue of the lower extremities during function tasks. Nineteen individuals with flexible flatfoot (10M9F, age: 24.74 ± 2.68 years) and fifteen non-flatfoot participants (6M9F, age: 24.47 ± 3.74) took part in this study. All participants performed maximal voluntary isometric contraction and functional tasks, including walking and single-leg standing tests before and immediately after a 6-min fast-walking protocol. A surface electromyography system was used to collect muscle activation data. Our results showed that, after 6 min of fast walking, peroneus longus activity increased only in the non-flatfoot group, and gastrocnemius activity increased in the flexible flatfoot group. In the flexible flatfoot group, greater recruitment in abductor halluces and greater fatigue in the tibialis anterior was observed. Individuals with flexible flatfoot showed altered muscle activation pattern after 6-min fast walking. These findings can provide an evidence-based explanation of associated syndromes in flatfoot populations and lead to potential intervention strategies in the future.
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1. Introduction


The foot is constituted of 26 bones connected by multiple joints, ligaments, and tendons. Foot problems may cause inflammation and pain, which do have a negative impact on quality of life [1]. Flatfoot, also termed pes planus, is a postural deformity in which the arches of the foot collapse. Common symptoms include attenuation, insufficiency, or rupture of the supporting structures of the medial longitudinal arch (MLA) [2]. Statistics show that the prevalence of flexible flatfoot was 13.6% in adulthood [3], and surgery might be required for severe cases [4].



The disorder gives rise to abnormal biomechanics, including hindfoot valgus, forefoot abduction, abnormal internal rotation of the talus and calcaneus, and increased internal rotation of the tibia [2,5,6]. Therefore, individuals with flatfoot require more muscle action than non-flatfooted people to support and propel the weight of their bodies due to instability in foot structure [7]. During walking, changes in muscle activation occur in different phases and different muscles; this includes a higher percentage of peak surface electromyography (sEMG) amplitude by the tibialis anterior in the contact phase and the tibialis posterior during propulsion, but a lower percentage on the peroneus longus throughout the stance phase [8]. Individuals with flatfoot also show higher tibialis anterior activity and lower activity in the peronei, soleus, and gastrocnemius in early stance relative to the mean stance phase [9].



Less than 1% of individuals with flexible flatfoot are symptomatic [10]. A flattened arch results in overpronation, leading to changes in foot structure. Therefore, problems may extend to the proximal joint. Some studies have revealed that a higher prevalence of anterior knee pain, intermittent lower back pain, medial tibial stress syndrome, and knee cartilage damage is associated with having flat feet [11,12,13]. The abnormal biomechanics of flatfoot causes ankle instability, which can, in turn, lead to knee, hip, or even trunk problems.



A previous electromyographic study revealed that the activity of the abductor hallucis decreased corresponded with an increase in navicular drop, signifying that this muscle plays an important role in supporting the MLA [14]. Another study involved specifically causing fatigue in this muscle; that study revealed increases in navicular drop that resulted in foot pronation [15]. Muscle fatigue increasing the amount of biomechanical changes of flatfoot might cause associated syndromes and other injuries.



Most previous studies have compared biomechanical differences between non-flatfoot and flatfoot [5,9,16], but few studies have focused on the contribution of muscle overuse to biomechanical changes related to flatfoot. Although some fatigue protocols have been used in studies as interventions on both non-flatfooted and flatfooted individuals, those protocols do not typically represent daily activities.



Pathological mechanisms of flatfoot-associated syndromes remain unclear, as do the alterations of lower-extremity biomechanics for performing functional tasks. In order to understand the mechanisms of fatigue on lower-limb muscles, the purpose of our study was to assess changes in tibialis anterior, gastrocnemius, peroneus longus, and abductor hallucis muscle strength, activities, and the phenomenon of fatigue during functional tasks before and immediately after a 6-min fast-walk protocol in non-flatfoot individuals versus those with flatfoot. Our hypotheses were that the protocol would decrease muscle strength, increase muscle activation, and decrease sEMG median frequency after a 6-min fast-walk protocol.




2. Materials and Methods


This case-control study was conducted to evaluate the changes of lower-limb muscles after a 6-min fast-walk protocol. Data were collected during the period from April 2017 to November 2017 in a motion analysis laboratory at National Yang Ming Chiao Tung University, Taipei, Taiwan. Figure 1 shows the study flowchart. Fifteen non-flatfoot participants and nineteen with flexible flatfoot, all between the ages of 20 and 65 years, were recruited. Individuals with flexible flatfoot were distinguished from non-flatfoot individuals, using a navicular drop test, which is commonly used in clinical settings, as it can reveal the ability of the MLA to act as a supportive structure. The definition of flatfoot in this study is greater than 1 cm height difference of the navicular tuberosity between subtalar neutral and relaxed stance positions [17]. The inclusion criteria for the flatfoot group were established as flatfoot by the navicular drop test. We excluded subjects who self-reported a history of lower-extremity injuries within the previous 6 months, any lower-extremity surgery, and occurrence of neurological disease prior to participation. Subjects with skin allergy related to alcohol swabs and electrode pads were also excluded. This study was approved by the ethics committee of National Yang-Ming University (YM105056E) and conducted according to the Declaration of Helsinki. All participants’ written informed consent was obtained before the experiments. We recorded each participant’s height, weight, age, sex, and dominant foot; only the non-dominant foot was tested in the experiment. International Physical Activity Questionnaires (IPAQs) were used to assess each participant’s daily activity level.



The 6-min fast walking on the treadmill was the fatigue protocol in this study. Participants were instructed to walk on the treadmill with self-selected speed for 3 min to familiarize and warm up with the task. To estimate the preferred walk-run transition speed, the treadmill speed was increased gradually. The preferred walk-run transition speed was reduced by 0.1 km/h as the test speed so that participants could maintain walking for 6 min during the protocol.



A motion capture system (Vicon Motion Systems Ltd., Oxford, UK) with eight infrared cameras operating at 100 Hz was used to capture and determine gait cycle. The Plug-In-Gait model was used; however, the kinematic data would process for further study. A force plate (AMTI, Advanced Mechanical Technology Inc., Watertown, MA, USA) operating at 1000 Hz was used to synchronically record ground reaction forces during tasks. The heel strike of level walking was determined at the first frame at which the vertical ground reaction force was larger than 20 N. A sEMG system (MP150, BIOPAC Systems Inc., Goleta, CA, USA) operating at 1000 Hz was used to collect muscle activation data synchronically with the motion capture system. Before and after the 6 min of fast walking, the maximal voluntary isometric contraction (MVIC) in the tibialis anterior, gastrocnemius, abductor halluces, and peroneus longus would be measured. Two functional tasks, namely level walking and single-leg standing tests, were executed in the same order.



Maximal muscle strength assessment was performed by using manual muscle testing with a handheld dynamometer. To test the tibialis anterior, the participant was supine on the treatment table, and the dominant leg with knee flexion and hip external rotation placing underneath the popliteal fossa of the test foot and test foot performed ankle dorsiflexion (Figure 2a). To test the gastrocnemius, the participant was asked to lie prone with knee flexion 90° and performed ankle plantarflexion (Figure 2b). Peroneus longus was tested in a side-lying position and the dominant leg with hip and knee in flexion position placing under the test leg. Then the participant performed foot eversion in this position (Figure 2c). For the abductor hallucis, however, the maximal muscle strength cannot be assessed by the handheld dynamometer. Therefore, each participant was asked to sit on a chair with the hip, knee, and ankle at approximately 90° and was asked to scratch the paper under the foot and not tighten any other muscles in their legs or trunk during the abductor hallucis MVIC test. In addition, all muscle activations were measured during MVIC tests.



All the subjects performed the following 2 functional tasks before and after the 6-min fast walking. The first functional task was level walking. The participants performed five trials of 10 m barefoot walking at self-selected speed. The second functional task was single-leg standing for 20 s. Participants were asked to perform single-leg standing with the non-dominant leg and cross their arms over the front of their chest. The dominant leg was to perform 90 degrees of knee flexion, and sEMG was recorded during these tasks; the MVIC data were used to normalize sEMG amplitudes.



All data were processed by using a custom-written software program (MATLAB 2018a; MathWorks, Inc., Natick, MA, USA). For the MVIC tasks, three-second sEMG data were selected for further analysis. The median frequency was determined by using fast Fourier transformation, with a 1024 data-point window moving over the whole selected signal area, and a 512 data point shift. A decreased median frequency was an indication of muscle fatigue [18]. For the functional tasks, raw sEMG signals were filtered with a bandwidth filter between 10 and 450 Hz and smoothed by using a moving root mean square filter (20 ms time constant). The peak amplitudes of tasks were normalized by MVIC sEMG data.



Participants’ baseline data were represented as mean ± standard deviation (SD). The continuous variables (including age, height, and weight) were compared with independent t-tests. Multivariate analysis of variance (MANOVA) was performed on sEMG parameters to determine the main effects between groups (non-flatfoot and flatfoot) and within groups (pretest vs. posttest). Significant differences revealed by the MANOVA were examined further by using one-way repeated measures ANOVA and Bonferroni’s post hoc analysis. The level of significance was set at α = 0.05 for all analyses. All statistical analyses were performed with SPSS 20.0 software (SPSS Inc., Chicago, IL, USA).




3. Results


The demographic data (Table 1) showed significant differences in body mass index (BMI) and navicular drop between non-flatfoot and flatfoot groups. BMI in flatfoot group was higher than in the non-flatfoot group. These results matched previous epidemiological study observations.



After 6 min of fast walking, with the exception of the peroneus longus in the flatfoot group, MVIC of all the other tested muscles showed significant decrease, suggesting our 6-min fast-walking protocol required a significant amount of workload and caused muscle fatigue. Among all the tested muscles, MVIC of the tibialis anterior decreased the most, it dropped 32% and 35% for non-flatfoot and flatfoot groups, respectively (Figure 3).



The sEMG amplitude of both function tasks had significant differences within groups (pretest and posttest) but no significant differences between groups (non-flatfoot and flatfoot). Figure 4 showed the percentage of changes in sEMG amplitude between pretest and posttest during walking and single-leg standing tasks. The changes of muscle-activation level of the peroneus longus were significantly higher in the non-flatfoot group with an increase of 36% compared to the pretest (Figure 4a). For the flatfoot group, the changes of muscles-activation level of the gastrocnemius were higher with an increase of 62%. In the single-leg standing task, both non-flatfoot and flatfoot participants showed greater gastrocnemius muscle activation (44% and 48% for non-flatfoot and flatfoot) compared with pretest (Figure 4b). Interestingly, after 6 min of fast walking, the non-flatfoot group showed a tendency of greater abductor hallucis activation (43% increase), whereas the flatfoot group showed a tendency to decrease in abductor hallucis activation (21% decrease) in single-leg standing.



The median frequency of the tibialis anterior in flatfoot group was significantly decreased (from 116 to 106 Hz) after 6 min of fast walking (p < 0.001), further confirming that the tibialis anterior was likely most fatigued (Figure 5). Interestingly, the median frequency of the abductor hallucis in the flatfoot group increased (from 189 to 215 Hz) after 6 min of fast walking (p < 0.001).




4. Discussion


This study aimed to assess the changes in lower-limb muscle activities during functional tasks before and immediately after a 6-min fast-walk protocol in individuals with flatfoot and non-flatfoot. The key finding of this study is that, in the flatfoot group, sEMG median frequency decreased for the tibialis anterior and increased for the abductor hallucis after a 6-min fast-walk task, suggesting fatigue in the tibialis anterior and recruitment in the abductor hallucis after the protocol. Both groups showed increased gastrocnemius activity during the single-leg standing test. In the walking test, peroneus longus activation increased in the non-flatfoot group, whereas gastrocnemius activity increased in the flatfoot group.



Previous studies measured the biomechanical parameters in individuals of flatfoot under static or dynamic conditions without fatigue protocol as an intervention [7,9,19]. To our knowledge, this is the first study to use such a demanding functional protocol in an attempt to emulate the high-loading conditions of daily life; however, some studies assessed the effect of foot intrinsic muscle fatigue by different protocols [15,20]. In this study, we used a 6-min fast-walk protocol to investigate changes in muscle activation of individuals with flatfoot and compared them with those of non-flatfoot adults. Following the protocol, both groups showed considerably decreased muscle strength and significant decreases in MVIC, demonstrating that this high-load protocol was sufficiently challenging for both groups. By comparing muscle activation during functional tasks between individuals with and without flatfoot, this study demonstrated that demanding repetitive motor tasks could increase muscle recruitment and alter muscle-activation level to compensate and provide support to the MLA in individuals with flatfoot.



We observed that, after the fast-walk protocol, the tibialis anterior is fatigued (decreased EMG median frequency), and its strength is decreased (MVIC). As an invertor, the tibialis anterior contracts to prevent eversion and provide joint stability during walking. Loss of arch support and greater extrinsic muscle activation for postural control occurred in flatfoot individuals. Hence, individuals with flatfoot required greater gastrocnemius activation for generating propulsion force during walking. As part of the triceps surae complex, gastrocnemius with higher activation during walking could result in powerful pronation force during the heel-rise phase, which increases tension in the Achilles tendon by 30% and causes excessive tension in the triceps surae [19,21], as well as causing early heel rise during walking [7]. In addition, we also found that the flatfoot group had increased peroneus longus activation after 6 min of fast walking. Altered triceps surae activation [22], early heel rise during walking [23], and unbalanced ankle inversion/eversion strength [24] have been associated with medial tibial stress syndrome. Our results indicated that a demanding repetitive walking task could cause altered lower-extremity muscle activation in individuals with flatfoot, and this could lead to the development of associated syndromes, such as medial tibial stress syndrome.



Although the AH muscle did not show significant changes in EMG amplitude (activation level) during walking or single leg stance after the 6-min fast-walking protocol, the AH muscle did show an increase in EMG median frequency. It is generally believed that an increase in EMG median frequency is caused by increasing average conduction velocity during motor unit recruitment [25,26]. Activation of the AH muscle is crucial for controlling the deformation of the longitudinal arch [27]. Demanding repetitive motor tasks, such as fast walking, might induce motor unit recruitment of the AH muscle in individuals with flatfoot. Physical therapy, motor training, and custom foot orthoses are common treatment options for patients with flatfoot [28]. Future studies could further investigate whether and how motor tasks, such as fast walking, could help develop and become an effective training protocol for individuals with flatfoot.



There were limitations to this study. First, we only measured activation in four superficial muscles. Deeper muscles, such as the tibialis posterior, may also exhibit an altered activation pattern after 6 min of fast walking. A future study with invasive recording technique or musculoskeletal modeling is needed to establish a more complete view of how lower-extremity muscles change their activation pattern to compensate for repetitive demanding functional tasks in individuals with functional flatfoot, and how these changes link to associated syndrome in the lower extremity. Second, the participants in the flatfoot group had mainly mild-to-moderate flatfoot, which is asymptomatic and without any severe deformations. The level of severity might be a factor influencing outcome measures that limits the results of the current study to be applied to individuals with more severe flatfoot. Future research concerning mechanisms of associated syndromes could study activation patterns of both superficial and deep muscles, as well as kinetic/kinematic changes of lower extremity under overground walking condition, which may help better elucidate these mechanisms and lead to more effective preventive or therapeutic measures.




5. Conclusions


The muscle activation differed between flatfoot and non-flatfoot adults after the 6-min fast-walk protocol. Demanding and repetitive motor tasks, such as fast walking, increased gastrocnemius activation, thus suggesting a greater degree of extrinsic muscle recruitment to compensate and support ankle and foot stability in individuals with flatfoot.
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Figure 1. Study flowchart. 
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Figure 2. Body position during maximum voluntary isometric contraction (MVIC) test. (a) MVIC testing of the tibialis anterior. (b) MVIC testing of the gastrocnemius. (c) MVIC testing of the peroneus longus. 
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Figure 3. Maximal muscle strength of (a) non-flatfoot and (b) flatfoot groups. * Significant differences between pretest and posttest. TA, tibialis anterior; GAS, gastrocnemius; PL, peroneus longus. 
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Figure 4. Changes of muscle-activation level during (a) walking and (b) single-leg standing for non-flatfoot and flatfoot groups. * Significant differences between pretest and posttest. TA, tibialis anterior; GAS, gastrocnemius; PL, peroneus longus; AH, abductor hallucis. 
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Figure 5. Median frequency for (a) non-flatfoot and (b) flatfoot groups. * Significant differences between pretest and posttest. TA, tibialis anterior; GAS, gastrocnemius; PL, peroneus longus; AH, abductor hallucis. 
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	Variable
	Non-Flatfoot

(Mean ± SD)
	Flatfoot

(Mean ± SD)
	p-Value





	Demographic measurements
	
	
	



	 Age (year)
	24.47 ± 3.74
	24.74 ± 2.68
	0.81



	 Height (m)
	1.68 ± 0.07
	1.69 ± 0.08
	0.61



	 Weight (kg)
	58.87 ± 9.78
	66.5 ± 12.89
	0.07



	 Body mass index (kg/m2)
	20.71 ± 2.53
	22.91 ± 2.56
	0.02 *



	 Navicular drop (cm)
	0.70 ± 0.15
	1.22 ± 0.19
	<0.001 *



	IPAQ
	
	
	



	 Low activity
	1
	1
	



	 Enough
	7
	6
	



	 High activity
	7
	12
	



	 Total (METs)
	3307.13 ± 2434.97
	4694.42 ± 3735.24
	0.22







* Significant differences between groups. IPAQ, International Physical Activity Questionnaires; METs, metabolic equivalents.
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