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Abstract 
Background: Although co-activation of ankle muscles has been reported, relative ankle muscle activation in subjects with 
flat foot has not been carefully investigated. The aim of this study was to compare the relative activation index (RAI) on 
the tibialis anterior (TA) and medial gastrocnemius (GTN) muscles during active ankle range of motion (ROM) between 
subjects with and without flat foot.  

Methods: There were 17 subjects with flat foot and 17 age- and gender-matched control subjects who participated in this 
study. The RAI based on electromyography (EMG) was measured during the agonist phase at a controlled velocity of 
ankle motion (10°/second). The subject was seated upright with the tested foot held firmly onto a footplate that was 
attached to a torque sensor. The ankle being measured was strapped to the leg support of the Intel stretch device at 60° of 
knee flexion. The RAI was analyzed by the summation of EMG activity from the agonistic time window divided by the 
total EMG activity during full active ankle ROM.  

Results: The RAI was significantly different on the TA muscle (t = 3.08, P = 0.004), but no difference was found on the 
GTN muscle (t = -1.24, P = 0.23) in subjects with flat foot. There was an interaction between group and RAI (F =7.89,  
P = 0.007); however, the RAI demonstrated no interaction with age (F = 2.59, P = 0.14), height (F = 3.73, P = 0.06), or 
weight (F = 2.96, P = 0.09). 

Conclusions: The RAI indicated a lack of TA muscle activation in the flat foot group. Such dissociated activation in the 
flat foot group might be relevant to the inefficiency of synergistic motions. The relative activation of the agonistic phase 
needs to be further investigated to compare co-activation of synergistic muscle activation with various functional tasks. 
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1 Introduction 
Ankle muscle stiffness is a common musculoskeletal dysfunction with proprioceptive deficits which are related to joint 
stability [1, 2]. The stiffness is generally defined as the ratio of moment to angular deflection of the specific joint [3, 4] as 
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quantified by the slope of the length-tension relationship [5]. This stiffness dominates the mechanical behavior of the ankle 
muscles, contributes to the risk of falls, and impairs standing balance in daily activities [6].   

The primary mechanism for lower limb mobility might be affected by ankle stiffness, which is more important than that of 
knee and hip stiffness [7, 8]. Ankle stiffness has been attributed to the functional consequences of abnormal kinematics, 
kinetics, and altered muscle activation [9-11]. Electromyography (EMG) activity has found that ankle stiffness is related to 
reduced dynamic mobility capacity as well as decreased strength and proprioception [1, 12, 13]. Although the magnitude of 
ankle motion is influenced by joint congruence and ligament elasticity [14, 15], there is limited investigation on ankle active 
range of motion (ROM), especially in subjects with flat foot.  

Radiographic investigations are the reference standard to determine the magnitude of flat foot; however, they fail to 
quantify imbalance of ankle motion or to serve as an objective assessment of flat foot [16-18]. Flat foot deformity is a 
depression of the medial longitudinal foot arch, which can lead to overuse of the lower limbs, injury, and foot dysfunction 
as confirmed by the navicular drop test [19, 20]. Flat foot deformity contributes to musculoskeletal injury via altered motion 
of the lower extremity [19]. The relationship between foot mobility and lower limb motion was reported, and flat foot could 
be recognized as a risk factor for postural stability [21-23]. These previous studies investigated the quantified assessment of 
mobility and validated flat foot assessment procedures. However, those studies were not clear whether the ankle muscles 
are activated synchronously to modulate joint impedance or sequentially to perform distinct biomechanical functions. In 
addition, most studies were not conclusive due to heterogeneity between studies, small effect size with the risk of bias, and, 
more importantly, lack of an objective measure [2, 21, 24]. 

Although there is limited investigation of flat foot and ankle muscle activation, a loss of functional integrity may affect 
ankle muscle stiffness in subjects with flat foot. The altered muscle co-activation could be from diminished peripheral 
perception, delayed spinal reflex-loop recruitment, or higher muscle activity levels with increased co-activation and 
decreased spinal reflex transmission [1, 12, 21]. However, a relative activation index (RAI) on the tibialis anterior (TA) and 
medial gastrocnemius (GTN) muscles was not previously investigated to quantify specific phases of active ankle ROM. A 
quantified RAI might differentiate the agonistic phase during dorsiflexion (DF) and plantar flexion (PF) in subjects with 
and without flat foot. 

It is generally accepted that increasing the flexibility of the ankle joint promotes better performance and decreases the 
number of injuries [25-28]; however, contradictory findings were reported in the literature [29-31]. The dissociated activation in 
the ankle muscles is critical for the control of the co-activated muscle pattern by the RAI. More importantly, there is 
limited clinical investigation on agonist responses during ankle motion in subjects with and without flat foot. The RAI 
might be related to individual characteristics, including age, height, and weight. Such differences have the potential to 
contribute to variations in the co-activation of the ankle muscles in older adults with flat foot. 

Therefore, the aim of this study was to compare the RAI on the TA and GTN ankle muscles during specific phases of DF 
and PF while considering demographic factors between subjects with and without flat foot. The hypothesis of this study 
was that there would be a different RAI on the agonistic phase during ankle ROM between subjects with and without flat 
foot. 

2 Methods 

2.1 Participants 
Participants with flat foot were recruited from the University community by advertisement. Individuals were eligible to 
participate in the study if they: 1) measured > 9 mm on the navicular drop test, 2) were 30 years of age or older, 3) were not 
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Table 1. Summary of participants’ demographics and groups with selected demographics 

Variable Control group Flat foot group t P 

Number   of   participants 17 17   

Age (years)  

Range 34-62 33-74 -0.94 0.35 

Mean ± SD 43.65 ± 10.85 47.71 ± 14.01   

Height (cm)  

Range 155-174 141-180 1.42 0.16 

Mean ± SD 163.24 ± 4.88 158.88 ± 11.58   

Weight (kg)  

Range 48-82 45-93 0.21 0.83 

Mean ± SD 65.06 ± 10.58 64.01 ± 16.21   

Foot length (cm)  

Range 22-28 21-27 1.91 0.06 

Mean ± SD 24.96 ± 1.94 23.76 ± 1.68   

Foot width (cm)  

Range 8-11 9-12 1.35 0.18 

Mean ± SD 10.10 ± 0.89 9.66 ± 0.81   

ND (mm)  

Range 5.3-8.2 11.2-14.4 24.48 0.01* 

Mean ± SD 6.47 ± 0.79 12.23 ± 0.76   

Note. SD: standard deviation, ND: navicular drop, * P < 0.05. 

The relative activation of each muscle on the agonistic phase during ankle ROM was quantified during movement in the 
device, and the RAI of each muscle was compared between subjects with and without flat foot. As shown in Figure 4, the 

RAI was significantly different on the TA muscle (0.70 ± 0.09 for control group vs. 0.54 ± 0.19 for flat foot group;  

t = 3.08, P = 0.004), but there was no difference on the GTN muscle (0.74 ± 0.09 for control group vs. 0.77 ± 0.07 for flat 

foot group, t = -1.24, P = 0.23), in subjects with flat foot. The mixed repeated measure ANOVA indicated that there was an 
interaction between group and RAI (F = 7.89, P = 0.007). However, the RAI demonstrated no interactions with age  
(F = 2.59, P = 0.14), height (F = 3.73, P = 0.06), or weight (F = 2.96, P = 0.09). 

4 Discussions 
The purpose of this study was to compare the RAI on the TA and GTN ankle muscles during the agonistic phase of ankle 
motion between subjects with and without flat foot. The hypothesis of this study was that there would be a different RAI 
for the agonistic phase during ankle ROM between subjects with and without flat foot. The results of this study indicated 
that the RAI significantly decreased on the TA muscle in subjects with flat foot. There was an interaction between group 
and RAI; however, the demographic factors, such as age, height, and weight, demonstrated no interaction with RAI. 

In order to activate the ankle muscles by the TA at a constant velocity (10°/second), proper co-activation of the 
antagonistic muscles (GTN) is also required. The relative activation of a muscle on the agonistic phase of the TA 
decreased below 0.5, which indicated that the TA muscle was more active during PF than DF. These results provided 
evidence that PF requires a certain level of antagonist co-activation possibly due to the lack of coordinated GTN muscle 
recruitment in the flat foot group. 
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results of our study demonstrated no interaction with RAI for aging, body weight, or height even though our previous 

study indicated that gender and body weight were critical factors for ankle stiffness [5].  

Although our study was performed in a laboratory environment, the RAI during the agonist phase needs to be compared 

with the antagonist phase for specific ankle muscle activations to quantify the index for subjects with and without flat foot. 

The relative activation of a muscle on the agonistic phase was sensitive to detect co-activation of corresponding muscles 

during the antagonistic phase. It is important for the ankle muscles to be flexible in order to have better coordinated 

performance during ankle movement.  

However, the underlying mechanisms that determine the activation levels of individual muscles are not well understood in 

individuals with flat foot. A mechanism underlying the dissociated activations in specific phases of the ankle muscles 

needs to be investigated for specific muscle control to specific motor tasks. The co-activation of the TA between DF and 

PF can be observed during ambulation in a phase-dependent manner. Therefore, a relative index for the ankle movement 

on the agonistic phase might be important to apply co-activation patterns during functional activities, especially for those 

subjects with lower limb dysfunctions.  

There were several limitations to the current study. One limitation was the ages of the participants (which ranged from 33 

to 74 years in the flat foot group) who comprised a small sample size. This age variation as well as anatomic variations 

among individuals might invalidate the results; however, subgroup analyses would provide more accurate results of 

intra/inter-variability for future studies. Even though our study did not include subjects who possess altered mechanical 

changes with possible proprioceptive disruption, increasing the number of subjects would serve to increase the power of 

the study as well.  

Second, our study examined only static sitting posture, which could affect ankle stiffness less than a dynamic condition. In 

this position, the GTN muscle might be affected, which is influenced by other structures. As a consequence, the 

measurements of relative ankle muscle activation for the agonist phase may differ significantly compared with other 

studies. However, our study investigated mainly relative ankle muscle activation, especially during the agonist phase, to 

compare subjects with and without flat foot. These findings suggest that further investigations are needed which focus on 

the functional characteristics of specific tasks that develop and/or maintain ankle muscle activation. 

5 Conclusions 
The results of this study indicated that the RAI was significantly different on the TA muscle, but no difference on the GTN 

muscle in subjects with flat foot was found. The ability to accurately quantify the agonistic phase of muscle activation and 

factors that influence it has been poorly understood. Although no muscle activation onset time was measured in our study, 

the flat foot group demonstrated relatively dissociated activation on the TA during DF. Future studies should include a 

larger sample size with further investigation of synergistic ankle muscle activation during various activities in subjects 

with flat foot. 
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