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ABSTRACT

This study compared plantar pressure distribution among asymptomatic individuals with pes
rectus, pes cavus and pes planus feet during walking. Feet were divided into three groups based
on the arch index (A1) values: Pes cavus (n=38), Pes rectus (n=72); Pes planus (n=62). Force
time integral (FTI), maximal force (MF), peak pressure(PP), pressure-time integral (PTI),
contact time (CT), contact area (CA), and maximum force normalised to body
weight[MF(%BW)] were evaluated for each part of the foot and total foot during barefoot
walking. A one-way analysis of variance (ANOVA) was performed. Peak pressure at the 5"
metatarsophalangeal joints (MTPJs) in the pes planus foot group was lower compared to the
pes rectus and pes cavus foot groups. The pes planus group displayed increased MF and CA in
the middle foot while walking compared to the pes rectus and pes cavus groups(p<0.05). When
compared to pes rectus and planus feet, cavus feet displayed higher pressure in the hind foot
and lateral forefoot and lower PP, MF and CA in the midfoot (p<0.05). High and low arch
structures display different plantar pressure characteristics that may be linked to lower
extremity injuries. When designing a prophylactic exercise programme for asymptomatic
individuals, foot types and associated pressure characteristics should be considered.
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INTRODUCTION

The risks of lower extremity injuries among physically active individuals are related to internal
and external factors (Carson et al., 2012a). Structural foot deformities have frequently been
indicated as intrinsic risk factors of lower extremity overuse injuries (Hreljac et al., 2000;
Bowring & Chockalingam, 2010). There are intrinsic biomechanical factors that cause stress
fractures and there is the higher incidence of ankle injuries that might be related to an excessive
longitudinal arch (a pes cavus foot), leg-length discrepancies and an excessive forefoot varus
position (Kaufman et al., 1999; Williams et al., 2001, 2004). On the other hand, a pes planus
foot has been associated with medial tibial stress syndrome, patellofemoral pain, tibialis
posterior tendinopathy and the other injuries involving the medial soft tissue structures of the
lower extremity (Williams et al., 2004; Bowring & Chockalingam, 2010; Buldt ez al., 2018a).
Buldt et al. (2018a) suggested that pes planus and pes cavus feet display abnormal
biomechanical parameters that may predispose an individual to injury. Abnormal arch structure
increases the risk of developing lower extremity overuses injuries two-fold (Kaufman ef al.,
1999). The athletes with both high and low arches may have an increased risk of developing a
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lower extremity injury compared to athletes with normal arches (Kaufman et al., 1999; Williams
etal.,2001).

Understanding the relationship between different types of the medio-longitudinal arch
(MLA) and the plantar pressure distribution could be helpful to designing preventative strategies
for lower extremity injuries. Plantar pressure analysis refers to the measurement of magnitude
and distribution of the force that is applied to the plantar surface of the foot during walking
(Landorf & Keenan, 2000; Wong et al., 2007; Shu et al., 2010; Buldt ef al., 2018a). The studies
including plantar pressure analysis indicated that morphological factors (Hills et al., 2001,
Birtane & Tuna, 2004) and walking speed are related to plantar pressure (Rosenbaum et al.,
1994; Burnfield et al., 2004; Pataky et al., 2008). Moreover, the foot structure is associated with
the plantar pressure among athletes in athletic tasks (Queen et al., 2009). According to the
features of sports, biological adaptive modifications can be short-term or long-term, which
indicates adaptive modifications on all body levels require complicated efforts. High-level
sports performance is based on the biological adaptation degree of the body (Huang ez al., 2019).

There is a growing body of literature suggesting that foot structure based on an arch index
(AI) influences plantar pressure variables during walking (Ledoux & Hillstrom, 2002; Teyhen
et al, 2009; Rao et al., 2011). Although loading measurements collected when healthy
individuals are walking and performing various athletic tasks have been studied according to
foot type, only a limited number of studies have compared pes planus, pes cavus and pes rectus
(Queen et al., 2009; Carson et al., 2012b). Most of the studies (Williams et al., 2001, 2004;
Carson et al., 2012a) have indicated the plantar pressure differences between arch groups,
however, there is still a need for an exploration of the potential differences among asymptomatic
individuals as an injury risk factor.

PURPOSE OF RESEARCH AND HYPOTHESIS

This study aimed to compare plantar pressure distribution among asymptomatic individuals with
pes rectus, pes cavus, and pes planus feet during barefoot walking. It was hypothesised that pes
cavus and pes planus feet would have asymmetrical plantar distribution when compared to pes
rectus feet.

METHODOLOGY

Design of study

In this research, a cross-sectional design was implemented. The dependent variables were:
Maximum force [IMF(N)]; Maximum force normalised to body weight [MF(%BW)]; Force time
integral [FTI(N.s/cm?)]; Peak pressure [PP(kPa)]; Pressure time integral [PTI(kPa.s/cm)];
Contact time [CT(ms)]; and Contact area [CA(cm?)]. MF is defined as the maximum force on
the total foot or a particular region and MF (%BW) is defined as the maximum force on the total
foot or a particular region divided by total weight. FTI represents the impulse from the force-
time profile for each region, while PP represents the maximum pressure value for the total foot
or a particular region. PTI represents the impulse from the maximum pressure-time profile for
the total foot and each region. CT indicates the stance time and CA is the maximum contact area
during the stance (Giacomozzi, 2011). MF and FTI data were normalised to each subject’s body
weight. For each of the aforementioned parameters, the average value of all acquired frames
was selected as representative of the whole trial and used for comparisons among the three arch
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groups. The independent variable of the study was Al groups of athletes. The calculation
procedure of the Al was explained under the data processing title.

Ethical considerations

All subjects were given written information about the procedures of the study and informed
consent was obtained by the declaration of Helsinki. The study was approved by the local ethics
committee [80558721/175].

Patients/participants

Ninety individuals (n=90) accepted to participate in the current study. The participants were
recruited from within the University and surrounding community using flyers and word of
mouth. The participants were excluded if they had a history of lower extremity injuries in the
past year, had an ankle and foot surgery and had a neurological and systemic disorder. Four (4)
of them were excluded since they had a history of lower extremity injuries, such as chronic
ankle instability, Achilles tendinopathy, ACL injury, and patellofemoral pain. Eighty-six (86)
asymptomatic individuals were included in the study.

The protocol implicated by Birtane and Tuna (2004) was used in the study. Feet were divided
into three groups based on the Al values (Cavanagh et al., 1997). There were no significant
differences between groups in terms of body mass, height and body mass index. Athletes
reported that the intensity of training was four times a week and 3 to 8 hours per day.

Procedures

Foot plantar pressure was assessed using the EMED-XL plantar pressure analysis system (Novel
GmbH, Munich, Germany). This system consists of a platform (platform size: 1529x504 mm?;
sensor area: 1440x440 mm?) incorporating 25.344 sensors (4 sensors/cm?) that sample at a rate
of 100Hz. Al values were determined by the EMED-XL.

Before measuring plantar pressure distribution, the subjects were familiarised with the
testing procedure and details of the procedure were explained. All measurements were
performed barefoot. Dynamic foot-ground contact parameters were acquired by asking
participants to walk at a self-selected speed over a Sm-long walkway in which the pressure
platform was embedded. A five-minute acclimatisation period was allowed for participants to
become comfortable with the data collection procedure. They were asked to maintain an upright
posture and fix their eyes on a target on the wall they were walking toward. The five-step gait
initiation protocol was used to obtain foot pressure data. Participants were asked not to look at
the ground during walking trials, and in the event of targeting of the pressure plate, the trial was
not analysed. Five successful trials were analysed for the foot data (Buldt ez a/., 2018b). Novel
scientific medical software, version 23 was used to build individual ‘masks’ to determine plantar
pressures for 9 regions of the foot. The boundaries of the total foot, forefoot, and midfoot, hind
foot, 1%, 2", 314 4™ and 5% metatarsophalangeal joints (MTPJ) mask areas on pressure images
were determined by the Automask software (Novel-ortho, Germany). FTI(N*s), PTI(kPa*s),
MF(N), PP(kPa), CA(cm?), CT(ms) and MF(%BW) were calculated using novel scientific
software.

The Al method was used to evaluate the MLA (Birtane & Tuna, 2004). Al was measured by
dividing the length of the foot, without toes, into three equal parts: the forefoot, midfoot, and
hindfoot. The mask of the toes was excluding and the remaining masks were calculated by the
system. Arch Index was defined as the ratio of the pressure area of the midfoot to the sum of all
three parts (Figure 1) (Cavanagh ef al., 1997). The arch indices >0.26 were considered low-
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arched (pes planus), arch indices between 0.21 and 0.26 were considered normal (pes rectus),
arch indices <0.21 were considered high-arched (pes cavus) (Cavanagh & Rodgers, 1987).

B
A+B+C

Figure 1. PRESSURE IMAGE OF FOUR REGIONS CALLED MASKS
DESIGNATED BY EMED-SF SYSTEM

Al=

Statistical analyses

Before the statistical analysis, all measures were determined to be normally distributed based
on the Shapiro-Wilk test. Means and standard deviations of the demographic characteristics of
the PP, PTI, MF, FTI, CA, CT, MF (%BW) for each foot region were calculated. One-way
analysis of variance (ANOVA) was performed and post hoc tests (Tukey) were used, according
to Levene’s homogeneity test results. For these measurements, a significance level was set as
p<0.05. The data were analysed using SPSS Statistics 23.0 (IBM Inc., Chicago, IL).

RESULTS

Arch Index classification calculations revealed 62 feet with pes planus (Group 1, 22.5+5.2 years;
176.7+6.0cm; BMI=26.146.1kg/m?), 72 feet with pes rectus (Group II, 21.542.3 years;
177.5+4.8cm; BMI=23.3+2.2kg/m?), and 38 feet with pes cavus (Group, III, 21.0+1.8 years;
175.4+3.8cm; BMI=22.0+1.6kg/m?).

The results representing the differences of plantar pressure values between different foot
arch structures of the participants are presented in Figure 2. The dynamic pedobarographic
evaluation revealed that the pes planus group had the greatest FTI, MF, CA and CT values,
whereas the pes cavus group had the lowest FTI, MF, CA, CT, and MF(%BW) values in the
total foot mask (Figure 2A). Also, the MF (%BW) of the pes rectus group was higher than the
pes planus and pes cavus group in the forefoot (p<0.05) (Figure 2B). FTI was the highest for
the 2" MTPJ in the pes planus group compared to the pes rectus and pes cavus groups (p<0.05)
(Figure 2C, 2G). Midfoot results showed that feet with pes planus have greater FTI, MF, CA,
MF(%BW) and PTI values than feet with pes cavus and pes rectus (p<0.05) (Figure 2H). Pes
cavus group exhibited greater CA values compared to pes planus. In addition, the pes cavus
group exhibited greater MF(%BW) values compared to pes rectus group in the hindfoot
(p<0.05) (Figure 2I).
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DISCUSSION

Prospective studies have found that variations in weight-bearing foot posture are associated
with an increased risk of medial tibial stress syndrome in military recruits (Yates & White,
2004) and overuse leg injuries in triathletes (Burns et al., 2005b). These findings suggest that
pes cavus and pes planus may display abnormal biomechanical parameters that predispose an
individual to injury (Buldt et al., 2015). Studies indicate that the unbalanced plantar distribution
of applied force is one of the leading factors of foot and lower extremity injuries (Orendurff et
al., 2009; Azevedo et al., 2020). Foot posture classification is a determinant factor of plantar
pressure distribution (Buldt ez al., 2018b). Applied force loadings in some athletic movements,
such as cutting, are increased on the various regions on the foot and peak pressure and pressure-
time integral might reach injury leading levels for some foot structures, such as pes planus and
pes cavus (Wong et al., 2007).

Even though it is reported that foot postures such as pes planus or pes cavus are found to
be associated with increased risk of lower limb injuries, including medial tibial stress syndrome
and patellofemoral pain (Tong & Kong, 2013), there are limited studies about plantar pressure
comparisons among pes planus, pes cavus, and rectus feet according to literature (Queen et al.,
2009; Carson et al., 2012b)." Three studies compared planus and normal feet (Burns et al.,
2005a; Rao et al., 2011; Hillstrom et al., 2013), three studies compared cavus to normal feet
(Burns et al., 2005a; Carson et al., 2012b; Fernandez-Seguin et al., 2014) and four studies
compared all three-foot postures (planus, cavus and normal) (Song & Knaap, 2004; Wong et
al.,2007; Rao et al., 2011; Hillstrom et al., 2013). This study aimed to compare plantar pressure
distribution among asymptomatic individuals with pes rectus, pes cavus, and pes planus feet
during walking. The results of this study showed that pes rectus, planus, and cavus foot
structure groups display uniquely different plantar pressure characteristics during walking in
asymptomatic individuals. Thus, the hypothesis of the study was supported.

Total foot

The findings of the study revealed that the pes planus group had the greatest FTI, MF, CA and
CT values, whereas the pes cavus group had the lowest FTI, MF, CA, CT, and MF (%BW)
values in the total foot mask. Kaufman ez al. (1999) and Levy et al. (2006) suggested that the
pes planus foot with higher CA was more prone to lower extremity injuries, such as stress
fractures, ankle sprains, patellofemoral pain and Achilles tendinitis compared to the pes rectus
foot. There was also evidence of significantly reduced CA and simultaneously increases in PTI
demonstrating reduced shock attenuation in pes cavus foot types in this study (Levy ef al.
2006). Also, previous research has shown that force and pressure values were higher in pes
cavus foot types compared to the pes rectus foot (Burns ef al., 2005b; Teyhen ef al., 2009). It
is assumed that PTI may play a role in the development of skin lesions (Chang et al., 2014).
The greater the PTI, the greater the risk for soft tissue damage (Dowling et al., 2015). In the
literature, a foot with pes planus is described as a better shock absorber than a foot with pes
cavus (Queen ef al., 2009). This finding might be explained by the observation that individuals
with pes cavus exhibit stiffer foot mechanics with less eversion at the ankle, rear/midfoot and
mid/forefoot joints compared to individuals with pes planus during dynamic loading (Rao et
al., 2011).
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Forefoot

Previous findings highlighted the importance of FTI measurements (Gravante et al., 2005;
Carson et al., 2012b) that represents the time over which a force is applied during walking since
it provides valuable insights into the pathomechanics associated with overuse injuries in
specific foot regions. However, there was a difference among groups in FTI values. The present
results showed that the forefoot was the most loaded part in the pes cavus group. Previous
research has shown that the reduction of the plantar CA is associated with greater load per unit
area in the forefoot and this may be a risk factor for lower-limb overload injuries (Benedetti et
al., 1997).

The results showed that PTI was lowest for the 5" MTPJ and highest for the 2nd MTPJ in
planus feet. This finding suggests that greater stress to the 2" MTPJ in planus feet may place
this bone under risk of a stress-related injury such as stress fracture. Similar findings have also
been reported by Burns et al. (2005a) who found higher MF in the hallux and 2™ toe and lower
MF in the combined 1%, 2 and the 5" MTPJ in planus feet compared to both the rectus and
cavus feet. Moreover, Hillstrom et al. (2013) found higher FTI in the 5" MTPJ of cavus feet
compared to rectus and planus feet. A recent study indicated that the largest differences were
in the PP of 4% and 5% metatarsals between pes cavus and pes planus groups (Buldt et al.,
2018a). On the contrary, there were no differences among groups in terms of FTI in the 5
MTPJ. All metatarsal heads of the pes cavus group showed greater PP and MF than in pes
rectus group. Due to the associated deformities, pes cavus is considered to have a smaller
contact area (Benedetti et al., 1997).

Midfoot

Three different foot structures exhibited significant differences in the most of the plantar
pressure values for the midfoot [FTI, MF, CA, CT, MF (%BW) and PTI] in the current study.
The findings of the present study showed that the feet with pes planus have greater FTI, MF,
CA, MF (%BW) and PTI values than feet with pes cavus and pes rectus. The pes planus foot
causes excessive stretch on the spring ligament and the tendon of the tibialis posterior to
stabilize the foot while maintaining the upright stance and it may lead to greater plantar pressure
values on the midfoot (Buldt ef al., 2018b).

The pes planus foot can unlock the mid-tarsal region during ambulation due to its loose-
packed characteristics allowing it to act as a shock absorber. A study has shown that pes planus
foot may eventually cause mechanical problems at the lower back, hip and knee joints due to
excessive calcaneal extroversion of about 2 to 3 degrees (Valmassy, 1996). Based on the
plantar pressure values in the midfoot of the pes cavus group, a reduction in the CA indicates
a lower plantar pressure, force and CA in the midfoot and hallux when compared to rectus and
planus feet. As a result, individuals with pes cavus foot may not able to distribute the weight
evenly along with the metatarsal heads and lateral side of the foot (Franco, 1987). In addition,
reduction in the CA in pes cavus foot causes lower plantar sensory input (Hertel et al., 2002)
that may link to impairment in balance performance.

The pes cavus foot is vulnerable as it may not adequately adapt to the underlying surface,
increasing the demand on the surrounding musculoskeletal structures to maintain postural
stability and balance due to its hypermobile midfoot (Cote et al., 2005). Previous studies have
reported foot pain in 23% to 60% of individuals with pes cavus foot (Burns et al., 2005a).
Among athletes with high-arched feet, increased arch height was associated with decreased
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mediolateral control of single-limb stance, potentially increasing the risk of ankle injuries
(Cobb et al., 2014).

Hindfoot

In the current study, individuals with pes cavus exhibited greater CA and MF(%BW) values
compared to pes planus and pes rectus groups in the hindfoot. According to the findings of
Gravante et al. (2005), the individuals with pes cavus feet exhibited significantly greater CA
values on the hindfoot, which is consistent with the current findings. It is accepted that smaller
CA in pes cavus than pes rectus due to associated deformities (Franco, 1987; Benedetti ef al.,
1997), and that they are more rigid and less able to absorb impact for the total foot (Williams
et al., 2001). But when the foot was masked and evaluated just for hindfoot, the results shows
greater CA in pes cavus than pes rectus. The pes planus group demonstrated significantly higher
FTI value than the pes cavus group. Consistent with these findings, the researchers observed
greater PP values in the hindfoot region of individuals with pes cavus than in individuals with
pes rectus (Buldt et al., 2018b). This result was reflected as higher plantar pressure values in
the hindfoot of the pes cavus group in the present study.

CONCLUSION

This study confirms that pes rectus, pes planus and pes cavus foot structure display uniquely
different plantar pressure characteristics during walking. These differences are most evident in
the midfoot of the pes planus group, and the forefoot and hindfoot of the pes cavus group. As
it was indicated in a recent study (Kruger et al., 2019), ankle kinematics are different for foot
types. Accordingly, the pes planus groups demonstrate the lowest hindfoot inversion, whereas
the pes cavus group demonstrates the highest. Consistent with the kinematic findings, the
participants with pes cavus showed a lower CA of the total foot and also an increase the load
of bone in the forefoot. The pes cavus foot has been suggested to result in a more rigid foot that
is less capable of dissipating forces related to contact with the ground.

On the other hand, it was observed that pes planus feet displayed lower PP, MF(%BW) and
both PTI and FTI values for the Sth MTPJ. Structurally, it is accepted that a foot with pes planus
is a better shock absorber due to the loss of the MLA of the foot, which results in relative
flattening of the plantar surface. A low arch with a flexible foot has a greater ability to absorb
ground reaction forces generated during activities or sports compared to a high arch with a
stiffer foot. To cope with the increased ground reaction forces, low arches require greater effort
to control the structures of the foot and maintain body balance, which may result in greater
ankle muscle strength in low arches (Zhao et al., 2017).

RECOMMENDATIONS

Previous findings suggest that the pes cavus and pes planus feet have a mechanical
disadvantage when compared to a normal foot and prone to lower extremity injuries (Girard et
al., 2007; Oztiirk et al., 2019). The pes cavus feet may be related to a lateral ankle injury, stress
fractures and anterior knee pain, while the pes planus foot may increase the risk of medial tibial
stress syndrome, knee pain and other injuries involving the medial and soft tissue structures of
the lower extremity. The important contribution of this study is to the understanding of the
potential risk factors for lower extremity injuries depending on the plantar pressure
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characteristics of the different foot structures. Based on the results, the exercise training
programmes focusing on the foot core strengthening, correcting the foot posture and enhancing
the functional movement patterns are recommended for the individuals with pes planus or pes
cavus feet. Also, plantar pressure analysis before and after the exercise program may be
important to see the effectiveness of the program.

The findings of this study should be considered in the context of limitations. The major
limitation of this study was the lack of foot structure variables (ankle mobility, flexibility,
strength, etc.). As these structural factors may also be affected by gender and sports types, a
more detailed understanding of gender and/or sports types-related differences in foot function
could be obtained by measuring both structure and function in athletes within different sports
branches. Moreover, foot posture and pressure are not always related. Future studies are needed
to investigate ankle mobility, flexibility, and strength according to foot posture in individuals.
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