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 Relationship Between Toe Muscular Strength  
and the Ability to Change Direction in Athletes 

by 
Yasuhiro Yuasa1, Toshiyuki Kurihara1, Tadao Isaka1 

This study aimed to investigate the relationship between toe muscular strength and the ability to change 
direction in athletes. Seventeen collegiate American-football players participated in the study (age 19.9 ± 0.9 years, 
competition experience 7.3 ± 1.7 years). Two types of measurements were performed to evaluate toe muscular strength: 
toe flexor strength with the metatarsophalangeal joint in the planter flexed position and toe-pushing force with the 
metatarsophalangeal joint in the dorsiflexed position. The ability to change direction was evaluated using the pro-agility 
and 3-cone tests and change of direction deficits, calculated by subtracting the sprint times from the pro-agility and 3-
cone times. There were significant correlations between toe-pushing force and the results of the pro-agility and 3-cone 
tests, but no significant correlations between toe flexor strength and the pro-agility and 3-cone tests. Neither toe-
pushing force nor toe flexor strength was significantly correlated with the sprint test results. Furthermore, toe-pushing 
force was significantly correlated with the 3-cone test deficit, but toe flexor strength was not. The ability to change 
direction is more strongly affected by toe muscular strength (measured as toe-pushing force) with the 
metatarsophalangeal joint in the dorsiflexed angle than by toe muscular strength (measured as toe flexor strength) with 
the metatarsophalangeal joint in the plantar flexed angle. Our results suggest that athletes can improve their ability to 
change direction with toe muscular strength training with the metatarsophalangeal joint in the dorsiflexed position. 

Key words: metatarsophalangeal joint, agility, physical tests, athletic performance. 
 
Introduction 

Changing the direction of movement is a 
frequent sight in various sports and is believed to 
be a key factor in athletic performance. In a 
previous study, more than 700 different situations 
in which a change in direction was necessary were 
observed in a single soccer game (Bloomfield et 
al., 2007). These findings suggest that in field 
sports, the ability to change direction quickly is as 
important as the ability to sprint fast or jump 
high. 

It is well known that there is a positive 
correlation between the speed at which a person 
can change the direction and their straight 
sprinting speed (Gabbett et al., 2008; Little and 
Williams, 2005; Sassi et al., 2009). Some previous 
studies focusing on the ability to change the 
direction have focused mainly on the effect of the  

 
extensor muscles of the lower limb joints, such as 
those of the hips, knees, and ankles (Mikołajec et 
al., 2017; Markovic, 2007; Newman et al., 2004; 
Young et al., 2002). However, these previous 
studies neglected the most distal joints of the 
lower limb, such as the metatarsophalangeal 
joints (MPJs), which are located at the forefoot. 
Although the moment produced by the MPJ is 
smaller than that of the other lower-limb joints, 
the forefoot is the only part of the body touching 
the ground during changes in direction. 
Moreover, the dorsiflexion moment of the MPJ 
has been observed during the late-stance phase of 
changes in direction (Riley et al., 2013). Therefore, 
the moment of the MPJ may play an important 
role in conveying the force of the larger extensor 
muscles to the ground during changes in  
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direction. 

The MPJ undergoes dorsiflexion at the 
mid-stance to the push-off phase during sprinting 
(Smith et al., 2014). When the forefoot touches the 
ground during changes in direction, the MPJ is in 
a dorsiflexed position rather than a plantar flexed 
position. Previous studies have demonstrated that 
toe muscular strength (TMS) depends on the 
angles of the MPJ and the ankle joint, which 
determine the force-length relationship of the 
extrinsic foot muscles (Goldmann and 
Brüggemann, 2012; Goldmann et al., 2013). Most 
previous studies have measured TMS with the 
MPJ in the plantar flexed position (Morita et al., 
2015; Otsuka et al., 2015), while TMS is at its 
maximum when the MPJ is in the dorsiflexed 
position (Goldmann and Brüggemann, 2012). 
Thus, to verify the contribution of TMS to athletic 
performance, it should be measured when the 
MPJ is dorsiflexed. No studies have investigated 
these relationships to date. With this in mind, the 
aim of this study was to investigate the 
relationship between TMS and the ability to 
change direction in athletes. We hypothesized 
that TMS with the MPJ in the dorsiflexed position 
would indicate the ability to change direction 
better than TMS with the MPJ in the plantar 
flexed position. 

Methods 
Participants 

Seventeen collegiate American-football 
players (age 19.9 ± 0.9 years, competition 
experience 7.3 ± 1.7 years) participated in the 
present study. All participants were members of 
the winning team of the 2015 Japanese National 
College Football Championship and played in 
wide receiver (WR) or running back (RB) 
positions in the season just before the experiment 
was performed. The methods and all procedures 
were in accordance with current local guidelines 
and approved by the Research Ethics Committee 
Involving Living Human Participants at the 
Ritsumeikan University (IRB-BKC-2015-002). All 
participants were informed about the procedures, 
risks, and purposes of the study, and provided 
consent before participation.   
Measures 
Toe muscular strength (TMS)  

Two types of apparatus were used for the 
evaluation of TMS. First, toe flexor strength (TFS)  
 

 
was measured according to previous studies 
(Morita et al., 2015; Otsuka et al., 2015) using a 
commercially available dynamometer (T.K.K. 
3361, Takei Scientific Instrument Co., Niigata, 
Japan). Second, toe-pushing force (TPF) was 
measured using a custom-made dynamometer 
(Rowley et al., 2015) (T.K.K. 1268, Takei Scientific 
Instrument Co., Niigata, Japan). Both TFS and TPF 
were measured three times for both the right and 
left feet in randomized order. The biggest value 
from the three trials was normalized by body 
mass and used for further analysis. 
Measurement of the ability to change direction, 
acceleration, and sprint speed 

The ability to change direction was evaluated 
using pro-agility and 3-cone tests according to 
previous studies (McGee and Burkett, 2003; 
Robbins, 2010). Acceleration and speed sprint 
were evaluated using the 10- and 40-yard sprint 
tests. From these measurements, we calculated 
change of direction deficits.  

The 10- and 40-yard sprint tests were 
performed using electronic timing devices 
(Brower Timing System, Salt Lake City, Utah). All 
participants attempted to sprint to the 10 and 40 
yard lines twice, and their times were recorded to 
the accuracy of 0.01 s. The best time of the two 
attempts was entered into the final analysis. 

The change of direction deficit was calculated 
by subtracting the sprint time from the results of 
the change of direction tests (Nimphius et al., 
2013). A previous study demonstrated a 
significant correlation between 10-yard sprint 
time and 3-cone test time (Gabbett et al., 2008). 
Thus, the change of direction deficit of the 3-cone 
test was calculated as the difference between the 
times of the 3-cone test and the 10-yard sprint test. 
The change of direction deficit of the pro-agility 
test was calculated by subtracting the 10-yard 
sprint time from the halved time recorded on the 
pro-agility test. 
Design and Procedures 
Toe muscular strength (TMS) 

    Toe flexor strength was measured with 
the MPJ in the plantar flexed position. In short, 
the participants sat with their hip, knee, and ankle 
joints at 90°. The participants were then instructed 
to put their toes on a grip bar and pull it with 
maximum effort (Figure 1A). Toe-pushing force 
was measured with the MPJ in the dorsiflexed 
position. The participants were seated on a chair  
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with a posture similar to that used for the 
measurement of TFS (Figure 1B). The hip, knee, 
and ankle joints were set at 90° during maximal 
voluntary isometric contractions (MVICs). The 
participants were then instructed to place their 
toes on an adjustable force plate with the MPJ at a 
45° dorsiflexed angle. They were asked to use 
only the toe muscles and not to activate the calf 
muscles. A 1-min rest was allowed between each 
measurement. 
Measurement of the ability to change direction, 
acceleration, and sprint speed 

All measurements were performed on a 
football field on a different day to TMS 
measurements. As for a warm-up, it has been 
suggested that a short-term static stretching 
session has a positive influence on agility 
performance (Amiri-Khorasani et al., 2010), thus a 
warm-up was carried out in an identical manner 
for all subjects with 5 minutes of static stretching 
to the whole body and 5 minutes of dynamic 
activity. 

The pro-agility test involved performing 
acceleration and deceleration during quick 
turning movements (Figure 2A). The participant 
began in a 3-point stance with the legs across the 
start line and one hand on the start line; this pose 
was held for at least 1 s. After a signal was given,  
the participant immediately ran to the right (or 
left) and touched the right (or left) 5-yard line 
with the right (or left) hand, then quickly changed 
direction to the left (or right) and touched the left 
(or right) 5-yard line with the left (or right) hand, 
finally running through the finish line. Each 
participant was allowed two attempts. The 
assessor chose the direction in which the 
participant ran first.  

The 3-cone test was similar to the pro-agility 
test (Figure 2B). Three cones were set at 5-yard 
intervals to form an “L” shape. The participants 
started the test in a 3-point stance behind the 
starting line and put one hand on the line. Once a 
signal was given, the participant sprinted 5 yards 
forward, touched the line and returned to the start 
line. Then, the participant sprinted toward cone 2 
and turned to sprint again toward cone 3. The 
participant circled cone 3 and returned to the 
finish line. The participant was not allowed to 
touch the cones or place their hands on the floor 
when making turns or circling the final cone. All 
participants executed two attempts with cone 3 on  
 

 
the left and two attempts with the cone on the 
right side.  
Statistical Analysis 

All data were presented in the form of means 
± standard deviations. Comparisons between the 
right and left sides were examined by paired t-
tests. The intra-rater reliability of TFS, TPF, and 
athletic performance measurements were 
evaluated using intra-class correlation coefficients 
(ICCs). Relationships between all test variables 
(TFS, TPF, pro-agility test, 3-cone test, 10-yard 
sprint test, 40-yard sprint test, and the change of 
direction deficits of the pro-agility and 3-cone 
tests) were examined by the Pearson's correlation 
coefficient. The level of statistical significance was 
set at p < 0.05. 

Results 
The physical characteristics and the results of 

TMS and performance tests are summarized in 
Table 1. The ICCs (1, 3) of TFS and TPF on the left 
and right sides ranged from 0.73 to 0.81. The 
difference between left and right sides was not 
significant for either TFS or TPF (TFS: p = 0.10, d = 
0.28; TPF: p = 0.26, d = 0.22). The ICCs (1, 2) of the 
pro-agility, 3-cone, 10-yard sprint, and 40-yard 
sprint tests ranged from 0.61 to 0.81, and the pro-
agility and 3-cone tests were not significantly 
different for the left and right sides (pro-agility 
test: p = 0.27, d = 0.16; 3-cone test: p = 0.22, d = 
0.20). Then, the values of both sides were 
averaged. Figure 3 shows the correlations among 
TFS/TPF and the pro-agility and 3-cone tests. Toe-
pushing force was negatively correlated with pro-
agility and 3-cone test results (r = −0.503 and 
−0.498, respectively, p < 0.05), but TFS was not 
significantly correlated with pro-agility or 3-cone 
test results (r = −0.398, p = 0.11 and r = −0.410, p = 
0.10, respectively). There were no significant 
correlations between TPF/TFS and 10-yard or 40-
yard sprint test results (TPF with 10- and 40-yard 
sprint: r = −0.317, p = 0.22 and r = −0.356, p = 0.16, 
respectively; TFS with 10- and 40-yard sprint: r = 
−0.288, p = 0.26 and r = −0.343, p = 0.18, 
respectively). Finally, TFS was not significantly 
correlated with pro-agility or 3-cone test deficits (r 
= −0.139, p = 0.60 and r = −0.390, p = 0.12, 
respectively). However, TPF was negatively 
correlated with the 3-cone deficit (r = −0.482, p < 
0.05), but not significantly correlated with the pro-
agility deficit (r = −0.210, p = 0.42). 
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Figure 1 

Measurement of toe muscular strength. 
Toe flexor strength is measured with the ankle joint in the neutral position  

and the metatarsophalangeal joints (MPJs) in the plantar flexed position (A).  
Toe-pushing force is measured with the ankle joint in the neutral position  

and the MPJ in the 45º dorsiflexion position (B) 
 

 
 

Figure 2 
Schematic diagram of the measurement of ability to change direction 

Pro-agility test (A) and 3-cone test (B). 
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Figure 3 

Correlations between toe muscular strength and the ability to change direction 
The figure shows correlations between toe flexor strength (TFS) / toe-pushing force (TPF)  

and pro-agility test results (A, B), and 3-cone test results (C, D). 
 

 
 
 
Table 1 

Physical characteristics, TFS, TPF, pro-agility test, 3-cone tests, 10-yd dash, and 40-yd dash tests 
    mean ± SD ICC 
Body Height (cm) 173.0 ± 7.0 
Body mass (kg) 79.7 ± 8.0 

Toe flexor strength (N/kg) 
left 2.18 ± 0.44 left   0.73 

right 2.28 ± 0.37 right  0.75 

Toe pushing force (N/kg) 
left 2.24 ± 0.57 left   0.81 

right 2.35 ± 0.44 right  0.76 

Pro agility test (sec) 
left 4.43± 0.13 

0.76 
right 4.41 ± 0.12 

Pro agility deficit (sec) 
left 0.50 ± 0.07 

0.79 
right 0.49 ± 0.06 

3 cone test (sec) 
left 7.22 ± 0.28 

0.81 
right 7.27 ± 0.21 

3 cone deficit (sec) 
left 5.51 ± 0.25 

0.77 
right 5.56 ± 0.19 

10-yd dash (sec) 1.71 ± 0.06 0.61 
40-yd dash (sec) 5.01 ± 0.14 0.77 

All data are expressed as means ± standard deviation (S.D.). 
* : significant differences between left and right (p < 0.05) 
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Discussion 

This was the first study to investigate the 
relationship between TMS and the ability to 
change direction in athletes. The major finding 
was a significant correlation between the ability to 
change direction and maximum TMS with the 
MPJ in the dorsiflexed position (TPF), but no 
significant correlation between the ability to 
change direction and maximum TMS with the 
MPJ in the plantar flexed position (TFS). 
Moreover, the change in direction deficits 
indicated that TPF was more closely correlated 
with the ability to change direction than TFS 
according to the 3-cone deficit. Our results 
suggest that the measurement of TMS with the 
MPJ in the dorsiflexed position (using TPF) is 
meaningful for the evaluation of the ability to 
change direction in athletes.  

As described above, the ability to change 
direction was significantly correlated with TPF, 
but not with TFS. These findings support our 
hypothesis that TPF is a better indicator of the 
ability to change direction than TFS. The 
dorsiflexion movement of the MPJ causes the 
plantar fascia to wind around the metatarsal 
heads, which is known as the “windlass 
mechanism” (Kappel-Bargas et al., 1998). Toe 
muscular strength induces the maximal force 
because the truss structure of the foot increases 
the tension of the plantar fascia to produce greater 
force (Erdemir at al., 2004). This activates the 
muscles in the foot to produce force during the 
push-off phase of walking in humans (Hicks, 
1954). However, the degree of correlation was 
slightly weak (TPF with pro-agility test: r2 = 0.25 
and TPF with 3-cone test: r2 = 0.25, respectively), 
and this was most likely because factors other 
than TMS play a role in the ability to change 
direction. The ability to change direction is mainly 
produced by the integrated muscle forces of the 
lower limb (Young et al., 2002). In fact, TMS is 
much lower (mean 2.2–2.4 N/kg in this study) 
than hip joint extension torque (28.1 Nm/kg), knee 
extension torque (28.5 Nm/kg) and ankle plantar 
flexion torque (16.6 Nm/kg) (Anderson et al., 
2007). However, some previous studies have 
reported that the ability to change direction was 
negatively correlated with lower limb power and 
reactive strength of the leg (Nimphius et al., 2010; 
Young et al., 2002). In the stance phase of walking 
and running, muscles of the thigh, calf, and foot  
 

are activated in sequence (Cappellini et al., 2006), 
and toe flexor muscles are then activated in the 
late stance phase (Mann and Inman, 1964; Riley et 
al., 2013). The forefoot, the only body part 
touching the ground during changes in direction, 
may mechanically react to the joint moment and 
power of the lower limbs via a kinetic chain, 
working as the terminal point of the kinetic chain 
during human movement (Riley et al., 2013). This 
idea is supported by the fact that strength training 
for toe flexor muscles improves jumping 
performance (Goldmann et al., 2013; Unger and 
Wooden, 2000). These previous studies and the 
results of the present study suggest that TMS has 
a significant effect on athletic performance.  

The agility tests performed in this study 
are frequently used in studies of athletic 
performance (McGee and Burkett, 2003; Robbins, 
2010). Briefly, the pro-agility test, a simple test 
consisting of acceleration and deceleration phases 
during sprints (McGee and Burkett, 2003; 
Robbins, 2010), and the 3-cone test, a test 
including speed, agility, change of direction, body 
control, and power (McGee and Burkett, 2003; 
Robbins, 2010), are designed to assess turning 
techniques, leg muscle qualities, and straight 
sprinting speed (Young et al., 2002). These tests 
are often used for measuring agility of athletes. 
However, more simple tests for evaluating 
acceleration and speed sprint ability, the 10- and 
40-yard sprint tests, were not significantly 
correlated with TMS in this study. The sprint test 
is similar to the pro-agility and 3-cone tests in 
terms of total distance (20 and 30 yards, 
respectively), but different in terms of the number 
of changes of direction. These results suggest that 
TMS could contribute to the ability to change 
direction rather than straight sprint speed. The 
change of direction deficit is intended to evaluate 
the ability to change direction independently from 
linear sprint capacity (Nimphius et al., 2013). The 
pro-agility deficit was introduced in a previous 
study (Nimphius et al., 2013), but the 3-cone 
deficit has not been investigated. The 
methodological differences between the pro-
agility and 3-cone tests are related to the number 
of changes in direction and the types of turns. The 
pro-agility test includes two 180° turns, while the 
3-cone test contains five turns, including two 90° 
turns, two 180° turns, and one 360° turn around a 
cone. It is thought that these variations influence  
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the results.  

American football players are required to 
change their direction of movement quickly when 
confronting various situations in games. As a 
result, most performance testing for American 
football players focuses on high-intensity 
activities, such as linear sprints, the speed of 
changes in direction, and agility (McGee and 
Burkett, 2003; Robbins, 2010). The WR and RB are 
particularly skillful positions that require the 
player to run across the field while attempting to 
elude opponents and catch the ball. Thus, the 
ability to change direction quickly is very 
important to these players. The subjects in the 
present study had an average of seven years of 
experience playing football and had played in the 
WR or RB positions during the most recent 
season. For this reason, these players likely 
possessed sufficient fundamental skills in 
changing direction.  

Based on the results of this study, TMS 
contributes to athletic performance, especially in 
athletes who need to change their direction 
quickly. However, the conventional exercises for 
strengthening intrinsic foot muscles, such as the 
towel-curl and short-foot exercise, have been 
performed at the MPJ in the plantar flexed 
position (Lynn et al., 2012). Therefore, it is 
recommended that athletes perform these 
exercises with the TMS at the MPJ in the 
dorsiflexed position, such as the jump rope and/or 
the calf raise exercises. Also, in practical 
situations, the use of spiked shoes makes it easy to 
change the direction of movement without any 
involvement of the forefoot. This is supported by 
the fact that the mean range of motion of the MPJ 
during sprinting is 51.5 ± 3.5° while barefoot and 
decreases to 42.3 ± 5.7° while wearing spiked 
shoes (Smith et al., 2014). Empirically, some 
athletes in this study who did not have good  
 

 
ability to change direction before the training 
session showed significant improvement after 
training while barefoot. The results of this study 
suggest that athletes can change direction more 
quickly if the toes are used. From these findings, 
other factors not evaluated in this study (e.g., 
shoes type, surface texture, etc.) should be also 
considered. Furthermore, if coaches evaluate the 
athlete’s toe function, it is thought that it should 
be done with the MPJ in a dorsiflexed position. 

The major limitation of this study was 
that it was cross-sectional in nature. In the future, 
it will be necessary to investigate whether TMS 
training is related to the improvements in the 
ability to change direction. Furthermore, no 
control subjects and only 17 participants were 
included. This was a small sample size, but we 
only enrolled athletes who played at the WR and 
RB positions of American football. These 
individuals have a good baseline ability to change 
direction, so it is not clear whether the results of 
this study can be generalized to other athletes or 
members of the general population. Finally, 
previous studies have reported that warming up 
with short-term static stretching has a positive 
influence on repeated sprint (less than 10 s) and 
agility performance (Amiri-Khorasani et al., 2010; 
Marinho et al., 2017), so it is necessary to consider 
the effect of warming-up in the future.  

In conclusion, the ability to change the 
direction of movement is significantly correlated 
with TMS with the MPJ in the dorsiflexed 
position. This finding suggests that TMS with the 
MPJ in the dorsiflexed position is a good indicator 
of the ability to change direction. Our results 
suggest that athletes can improve their ability to 
change direction with toe muscular strength 
training with the metatarsophalangeal joint in the 
dorsiflexed position. 
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