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ABSTRACT

Pronated foot posture is a common lower-limb condition. This study
aimed to investigate the effects of running-induced fatigue on plantar pressure
variables during walking in overweight men with pronated feet.

In this quasi-experimental pretest-posttest study, 40 male students
aged 18-35 years were recruited through convenience sampling and assigned
to four groups based on body weight (normal: 20 < BMI < 25 kg/m?; overweight:
25 < BMI < 35 kg/m?) and foot posture (normal: navicular drop 5-10 mm, foot
posture index 0-6; pronated: navicular drop 10-19 mm, foot posture index
>10-12). Plantar loading was assessed using a Footscan system. Data were
analyzed using two-way repeated-measures ANOVA following the Shapiro-
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heel force and pressure (P < 0.05). Significant group differences were found in
plantar force distribution across the metatarsals, midfoot, and heel (P < 0.05).
Midfoot force was greater in overweight participants with pronated feet,
whereas first and second metatarsal forces were greater in overweight
participants with normal feet. A significant fatigue x group interaction was
observed for hallux peak force (P < 0.001), but not for plantar pressure
variables.

Running-induced fatigue may alter plantar loading patterns during
walking, particularly by increasing heel loading. Body weight status and foot
posture may also be associated with differences in plantar force and pressure
distribution, especially in the midfoot. However, the effects of fatigue were
generally comparable across the study groups.
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Introduction

Obesity has become an increasingly important global public health concern. Individuals who
experience obesity during childhood and adolescence are at increased risk of developing
cardiovascular diseases, diabetes, and other associated comorbidities in adulthood (1). Previous
estimates indicate that more than 300 million people worldwide are classified as obese (2).
Furthermore, obesity has been associated with musculoskeletal disorders affecting the lower
extremities, such as knee and hip osteoarthritis (3). Recent studies have also demonstrated that the
foot may be affected by obesity (4). A systematic review of 25 studies involving 93,224 participants
reported a strong association between obesity and nonspecific foot pain in the general population
(5).

One possible explanation for the association between obesity and foot pain is that excess body
weight increases mechanical loading on the foot. Indeed, previous studies have documented an
association between obesity and increased plantar force and pressure (6). However, plantar loading
patterns are influenced by factors other than body weight, including foot posture, joint range of
motion, and walking speed (7). Previous studies have reported that the prevalence of foot pronation
in adults ranges from 20% to 23% (8). Excessive foot pronation, a common lower-extremity
musculoskeletal condition, is characterized by a reduction in medial longitudinal arch height and
alterations in ankle joint alignment (9). This condition is frequently associated with ankle
dysfunction resulting from biomechanical changes during gait (10). Alterations in ankle
biomechanics may increase susceptibility to injury in this region. Excessive pronation is typically
accompanied by medial displacement and inward inclination of the talus and navicular bones,
contributing to a pronated foot posture. Pronated feet have been associated with increased
mechanical stress and injury risk at the ankle, knee, and pelvic girdle joints (9). Individuals with
excessive foot pronation often exhibit a lowered medial longitudinal arch, internal tibial rotation,
femoral internal rotation, knee valgus, and, in cases of hyperpronation, increased lumbar lordosis
(11).

Increased foot loading and alterations in plantar pressure associated with obesity have important
implications for affected individuals and have attracted considerable attention from healthcare
professionals and researchers over the past two decades. Previous studies have investigated these
changes using various plantar pressure assessment tools (12). Plantar pressure analysis provides a
method for evaluating the relationship between foot posture and lower-limb biomechanics, offering
valuable information about the interaction of different lower-limb segments (13). Foot structure and
plantar pressure patterns vary according to age, assessment conditions (static or dynamic) (14), and
the frequency of assessments across age groups (15), as well as the type and intensity of physical
activity. A significant inverse association between plantar pressure and physical activity level has
also been reported (16). Plantar pressure assessment can reveal alterations in foot posture and
provide information about the forces acting on the foot during standing and walking in healthy
individuals and those with various conditions, including obesity. Furthermore, plantar pressure
measurements may provide insights into changes associated with lower-limb pain (17), impaired
stability, and falls (18). Fatigue is another important physiological factor influencing human
movement and performance (19). Physiologically, fatigue can be described as a reduced ability of
muscles to generate sufficient force to sustain a given activity (20). Previous research has
demonstrated that fatigue reduces voluntary muscle strength and functional capacity, disrupts the
coordinated activation of agonist and antagonist muscles, and impairs overall neuromuscular
performance and efficiency (21, 22). Evidence from previous studies suggests that fatigue-related
reductions in neuromuscular function can substantially affect movement mechanics and patterns of
muscle activation (23). Furthermore, fatigue may alter lower-extremity kinetics and potentially
increase the risk of musculoskeletal injuries (24).

Consequently, repeated episodes of substantial fatigue have been identified as a potential risk factor
for overuse injuries (25), highlighting the importance of appropriate fatigue management (26).
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Understanding the effects of fatigue on foot pronation and its potential consequences for arch
structure is therefore important in biomechanics (27). Fatigue is also characterized by a progressive
decline in physical and mental performance (28). During prolonged or repetitive activities, fatigue
may result from several mechanisms, including reduced availability of energy substrates,
accumulation of metabolites within muscle fibers, and alterations in motor commands originating
from the motor cortex (29). Nevertheless, assessments that do not account for fatigue may fail to
capture the full complexity of human locomotion, as fatigue-induced changes can significantly alter
gait dynamics (30) and foot function (31) in both sports science and clinical settings (32). Athletes
participating in endurance competitions or repetitive training programs may experience fatigue-
related changes in foot pronation (33), potentially increasing their susceptibility to sports-related
conditions, such as Achilles tendon pain and shin splints, and impairing athletic performance (34).
Similarly, in clinical settings, individuals with certain foot disorders or pathologies may exhibit
altered foot mechanics only after the onset of neuromuscular fatigue (35), emphasizing the need for
a more comprehensive understanding of fatigue-induced biomechanical changes. Identifying these
changes may provide valuable information for preventing secondary injuries. Accordingly, assessing
plantar pressure characteristics before and after fatigue has received considerable attention. Plantar
pressure analysis can provide useful information about weight distribution, center of pressure (COP)
displacement, and postural biomechanics. Such assessments may improve our understanding of
fatigue-related biomechanical adaptations, particularly in individuals with pronated feet.

The present study was based on two hypotheses: (1) running-induced fatigue significantly affects
plantar pressure variables during walking in overweight men with pronated feet, and (2) there is a
significant interaction between fatigue and group characteristics in plantar pressure variables
during walking. Therefore, this study aimed to investigate the effects of running-induced fatigue on
plantar pressure variables during walking in overweight men with pronated feet.

Methods

Study Design and Participants

A quasi-experimental study with a pretest-posttest design was conducted. Based on findings from
previous studies and an a priori power analysis performed using G*Power software, the minimum
required sample size was estimated at 10 participants per group, assuming an effect size of 0.80, a
significance level of 0.05, four groups, two measurements, and a correlation of 0.5 between repeated
measurements. Accordingly, 40 male participants aged 19-35 years were recruited through
convenience sampling from university students in Ardabil Province, Iran. All participants were
sedentary young adults and were assigned to four groups according to their body weight status and
foot posture. The groups were defined as follows: NN, individuals with non-excessive body weight
(20 < BMI < 25 kg/m?) and non-pronated feet (5 < navicular drop < 10 mm; Foot Posture Index [FPI]
between 0 and 6); NP, individuals with non-excessive body weight and pronated feet (10 < navicular
drop < 19 mm; 10 < FPI < 12); ON, individuals with excessive body weight (25 < BMI < 35 kg/m?)
and non-pronated feet; and OP, individuals with excessive body weight and pronated feet.

In the present study, a modified version of the navicular drop test described by Brody was used to
determine sagittal-plane displacement of the navicular bone between seated and single-leg standing
positions (36). During testing, participants sat on a chair with both feet flat on the ground and their
knees flexed at 90°. The most medial aspect of the navicular bone was marked, and its height was
measured using a ruler. Participants were then instructed to stand on one leg by flexing the
contralateral knee (37). Navicular height was measured again, and the difference between the seated
and single-leg standing measurements was recorded as the navicular drop.

The Foot Posture Index consists of six items used to quantify and classify foot posture (38). FPI
scores of 10-12 were classified as indicating overpronated feet, whereas scores of 0-6 were
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classified as indicating normal foot posture (38). The characteristics of the study groups are
presented in Table 1.

Only sedentary individuals were included in the study. A sedentary lifestyle was defined as fewer
than 1,000 steps per day, recorded using a pedometer application installed on participants' mobile
phones, and no regular physical exercise, defined as fewer than one exercise session per week based
on questionnaire responses (39). The exclusion criteria for all groups included participation in
physical exercise two to three times per week; a history of musculoskeletal surgery involving the
trunk or lower limbs; cardiorespiratory, neuromuscular, or orthopedic disorders (except foot
pronation in the NP and OP groups); and a lower-limb length discrepancy greater than 5 mm. All
participants exhibited a heel-to-toe walking pattern, as determined from kinematic data. Before
participation, all participants were informed about the study objectives and procedures and
provided written informed consent. Participation was voluntary, and participants were free to
withdraw at any stage without penalty. The confidentiality and anonymity of participants' personal
information were maintained throughout the research process. All procedures were conducted in
accordance with the ethical principles of the Declaration of Helsinki. The study protocol was
reviewed and approved by the Research Ethics Committee of the University of Mohaghegh Ardabili,
Iran (IR.UMA.REC.1402.011). Appropriate safety measures were implemented during the fatigue
protocol and testing procedures to minimize the risk of injury or discomfort.

Experimental Protocol

The experimental protocol began with a five-minute warm-up consisting of stretching and walking.
Participants were then familiarized with an 18-m overground walkway equipped with a Footscan
system embedded at its midpoint. Participants were instructed to walk barefoot along the walkway
at a constant speed of approximately 1.1 m/s, ensuring that their dominant foot landed in the center
of the Footscan platform (40) (Fig. 1). Walking speed was controlled during both the pretest and
posttest assessments by measuring the time required to cover the specified distance using a
stopwatch. Several familiarization trials were conducted to allow participants to become
accustomed to the required walking speed and foot placement on the Footscan platform. Following
familiarization, participants completed four walking trials during which plantar pressure and
corresponding forces were recorded across ten regions of the foot. Trials were repeated if the
participant failed to place the entire dominant foot within the boundaries of the Footscan platform,
altered their natural walking pattern to target the platform, or walked at a speed that deviated by
more than 10% from the target speed.

Data Collection and Analysis

Body weight was measured using a force platform, and height was measured using a stadiometer to
calculate body mass index (BMI). A treadmill equipped with a data recording system and a wireless
heart rate monitor was used to induce and monitor fatigue. Plantar pressure variables and center of
pressure (CoP) displacement during walking were measured using a Footscan system (RSscan

Table 1. Demographic characteristics of participants in the four different groups under study (Mean +
standard deviation).

Normal Weight with ~ Overweight with Overweight with ~ Normal Weight with

Variables Normal Foot Pronated Foot Normal Foot Pronated Foot
Age (years) 23.142.1 22.1+4.8 25.1424.8 26.242.5
Mass (kg) 67.5+7.14 84.8+14.02° 85.4+36.79" 69.4+15.01
Height (cm) 171.247.01 169.0+7.78 168.3+1.27 170.2£00.37
Body Mass Index 22.1£2.04 28.244.9" 27.1£04.9" 21.1%4.75
(kg/m?)

Navicular Drop 5.0+3.7 12.17.01" 5.149.1 11.0£01.71*
(mm)

* Note: Data are reported as (mean * SD). Significant differences are indicated by an asterisk (p < 0.05).
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International, Belgium; 578 x 418 x 12 mm; 4,096 sensors) operating at a sampling frequency of 253
Hz. Participants stood still on the platform for 5 seconds, during which data were recorded and
averaged (Fig. 2). The device software automatically divided the foot into ten anatomical regions:
the medial heel, lateral heel, midfoot, first to fifth metatarsals (M1-M5), hallux (T1), and second to
fifth toes (T2-T5) (41). The mean values obtained from four trials were considered the pretest
measurements. Following the running-induced fatigue protocol, posttest measurements were
collected using the same procedure. The effects of fatigue (within-subject factor), group (between-
subject factor), and their interaction (fatigue x group) were examined across the four groups. The
biomechanical variables analyzed included peak plantar pressure and force distribution across the
ten foot regions: hallux (T1), second to fifth toes (T2-T5), first to fifth metatarsals (M1-M5), midfoot,
medial heel, and lateral heel.

Fatigue Protocol
A running-induced fatigue protocol was performed on a treadmill for each participant (Fig. 3). Before

[
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Fig. 2. Subject standing on the foot scanner for foot scanning
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Fig. 3. Running induced fatigue protocol

testing, participants were familiarized with the Borg Rating of Perceived Exertion (RPE) scale,
ranging from 6 (no exertion) to 20 (maximal exertion). The initial treadmill speed was set at 6 km/h
and increased by 1 km/h every minute. Participants reported their perceived exertion at the end of
each stage using the 6-20 Borg scale (42). Once an RPE of 13 was reached, the treadmill speed was
maintained, and participants continued running at that speed. The test was terminated two minutes
after participants reported an RPE of 17 or when they reached 80% of their maximum heart rate
(43).

Statistical Analyses

Data normality was assessed using the Shapiro-Wilk test, and homogeneity of variances was
evaluated using Levene's test (P > 0.05). A two-way repeated-measures analysis of variance
(ANOVA) was used to examine the effects of fatigue, group, and their interaction. Bonferroni
correction was applied for multiple comparisons. Effect sizes were estimated using eta squared (n?),
with values of 0.01-0.06, 0.06-0.14, and =0.14 interpreted as small, moderate, and large effects,
respectively. Statistical significance was set at P < 0.05. All analyses were performed using SPSS
version 28.

Results

The demographic characteristics of the participants are presented in Table 1. The results revealed a
significant main effect of fatigue on plantar force in the first metatarsal (P < 0.037), medial heel (P <
0.001), and lateral heel (P < 0.002) regions. Pairwise comparisons showed that plantar force in the
first metatarsal region decreased significantly following fatigue, whereas force in the medial and
lateral heel regions increased significantly. Significant main effects of group were observed for
plantar force in the hallux (P < 0.001), first metatarsal (P < 0.005), second metatarsal (P < 0.003),
midfoot (P < 0.001), medial heel (P < 0.010), and lateral heel (P < 0.001) regions. Pairwise
comparisons indicated that the overweight group with pronated feet exhibited greater midfoot force
than the other groups. Furthermore, the overweight group with normal foot posture showed greater
force in the first and second metatarsal regions than the other groups (Table 2). As shown in Table
3, a significant main effect of fatigue was observed for plantar pressure in the medial heel (P < 0.011)
and lateral heel (P < 0.013) regions. Significant main effects of group were also found for plantar
pressure in the hallux (P < 0.001), second to fifth toes (P < 0.020), first metatarsal (P < 0.009), second
metatarsal (P < 0.016), midfoot (P < 0.001), medial heel (P < 0.020), and lateral heel (P < 0.003)
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Table 2. Mean and Standard Deviation of Plantar Forces During Walking Among four Groups before and after the fatigue protocol.

. NP NN OP ON F G FxG
Variable
Pre Post Pre Post Pre Post Pre Post P P P
0.736  *0.001  0.494
Force Toel 221.33+66.06  223.64+42.35 145.13+60.51 131.13+47.08 277.85+81.04 299.14+83.76  269.82+155.50 245.17+115.24
(0.003) (0.345) (0.064)
0.970 0.166 0.724
- + + + + + + + +
Force Toe2-5 54.74+37.15 50.12+31.44 50.05+£19.26 47.47+23.79 65.58+28.98 74.87+22.09 76.92+54.18 75.54+46.47 (0.001) (0.130) (0.036)
*0.037  *0.005  0.344
Force Metatarsal 1 192.97+83.37 206.24+65.04 198.47+104.48 178.13+61.04 288.88+90.12 278.31+102.98 314.50+121.85 321.88+137.24
(0.001) (0.295) (0.028)
0.863 0.003" 0.600
Force Metatarsal 2 125.40+38.09  128.46+44.42 183.25+57.82 166.87+60.10 205.99+72.13 211.29+70.12 242.53+109.55  246.07+84.89
(0.001) (0.314) (0.050)
Force Metatarsal 3 160.29+73.44  163.97+63.00 183.30+80.91 171.41+60.00 232.34+68.29 235.54+61.63 216.03+88.32 223.49+75.17 0.927 0.079 0750
R R A T . T R B (0.001) (0.170) (0.033)
Force Metatarsal4 107.01+45.73  104.88+35.06 126.62+73.68 114.504£50.20 146.82+43.77 144.88+50.21 166.13+81.55 172.44+71.34 0.677 0.072 0745
T T T R e DA e T (0.005) (0.174) (0.033)
0.760 0.208 0.869
Force Metatarsal5 53.74+25.67 52.77+29.88 68.52+51.36 69.26+55.22 69.90£15.05 62.12+16.37 87.17+55.29 88.54+38.04
(0.003) (0.117) (0.020)
Force MidFoot 154.20+73.51 165.98+78.70 128.31+67.76 122.17455.20 324.94+130.41 357.59+143.62 161.37+61.06 177.95+80.52 0.055 0.001" 0.278
e DA R R T R e R (0.099) (0.496) (0.100)
Force HeelMedius 411.05+£95.53  454.79+126.17 402.69+140.77 407.03+145.84  437.52+58.12 479.61+52.63 535.60+131.93 608.67+131.64 0.001"  0.010° 0.149
R o T D e e R T (0.305) (0267) (0.136)
0.002°  0.001" 0.449
Force HeelLatral 280.44+66.94 327.70+68.43 259.78+53.51 270.67+68.26 338.31+38.19 364.26+44.48 389.76x84.90  411.84+103.47
(0.234) (0.411) (0.070)

Note: Values are presented as mean * SD. NP, normal weight with pronated feet; NN, normal weight with normal feet; OP, overweight with pronated feet; ON, overweight with normal feet; Pre, pre-
fatigue; Post, post-fatigue; T1, hallux; T2-5, second to fifth toes; M1-MS5, first to fifth metatarsals; MF, midfoot; MH, medial heel; LH, lateral heel; F, main effect of fatigue; G, main effect of group; F x G,
fatigue-by-group interaction; P, statistical significance; n?, eta squared. *P < 0.05.
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Table 3. Mean and Standard Deviation of Plantar Pressures During Walking Among four Groups before and after the fatigue protocol.

Variable NP NN oP ON F G FxG
Pre Post Pre Post Pre Post Pre Post P (m? P (m? P (m?
Pressure Toel 16.43+3.49  17.62+3.90 10.93+#5.09 10.21+4.43 20.02+5.96 21.73+5.60  18.74+9.03 17.75+6.81 0.717 %0.001 0.553
(0.004) (0.376) (0.056)
Pressure Toe2-5 5.10#1.54  4.65+1.32  4.51+1.44 435190 549+1.02  6.15+1.02 6.45+2.54 6.61+2.25 0.828 0.020 0.390
(0.001) (0.237) (0.079)
Pressure Metatarsal 1 10.68+4.94 10.97+3.60 11.15#5.12 9.96+3.28  13.10+3.68 13.31+4.41  16.32+5.27 16.85+6.12 0.947 %0.009 0.780
(0.001) (0.271) (0.029)
Pressure Metatarsal 2 13.01+4.08 13.69+4.36 20.17+7.14 17.59+6.03 19.09+8.01 18.71+7.14 25.04+11.91 24.96+10.21 0.303 %0.016 0.222
(0.029) (0.247) (0.114)
Pressure Metatarsal 3 13.80+4.03 14.35+4.11 16.59+7.04 15.57+5.87 18.16%6.51 18.29+5.61  18.92+7.69 19.32+6.23 0.976 0.216 0.773
(0.001) (0.115) (0.030)
Pressure Metatarsal4 9.53+2.73  9.23+2.46  11.53+7.04 10.29+4.81 12.17+4.40 11.16%3.70  14.65+7.01 15.05+5.60 0.294 0.658 0.088
(0.030) (0.164) (0.043)
Pressure Metatarsal5 6.13+2.54  591+249  7.63+512  7.86+582  6.53%1.96  5.67+1.21 8.66+4.60 8.95+3.56 0.715 0.713 0.241
(0.004) (0.109) (0.037)
Pressure MidFoot 483+1.15  5.01#1.21  5.01+1.82  4.75+1.36  7.68+2.04  8.31+2.08 5.98+1.55 6.37+1.80 0.143 %0.001 0.252
(0.059) (0.414) (0.106)
Pressure HeelMedius 20.72+#5.31 22.48+6.21 20.85+7.17 20.46+7.54 19.71%2.26 21.16+2.28  25.81+5.57 28.75+5.59 %0.011 %0.020 0.201
(0.165) (0.237) (0.119)
Pressure HeelLatral 15.49+3.88  17.73+3.70 14.75%#3.48 15.15%4.42 16.39+0.81 17.43+2.95  20.40+3.65  21.36%5.00 #0.013 #0.003 0.519
(0.160) (0.312) (0.060)

Note: Values are presented as mean * SD. NP, normal weight with pronated feet; NN, normal weight with normal feet; OP, overweight with pronated feet; ON, overweight with normal
feet; Pre, pre-fatigue; Post, post-fatigue; T1, hallux; T2-5, second to fifth toes; M1-M5, first to fifth metatarsals; MF, midfoot; MH, medial heel; LH, lateral heel; F, main effect of fatigue; G,
main effect of group; F x G, fatigue-by-group interaction; P, statistical significance; n? eta squared. *P < 0.05.
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regions. No significant fatigue x group interaction effects were observed for plantar pressure
variables (P > 0.05).

Discussion

The findings indicated that the applied force in the first metatarsal region after fatigue was lower
compared to before fatigue during walking. These findings are consistent with the results of Garcia-
Perez et al,, who found that treadmill running increased ground contact and reduced peak pressure
in the heel, metatarsus, and hallux. It also decreased stride frequency, decreased peak pressure in
the lateral heel and hallux, and increased relative load in the medial arch (44). Moreover, the force
values in the medial and lateral heel regions after fatigue were significantly greater than before
fatigue. Muscle fatigue of the foot and ankle muscles during walking is associated with changes in
foot roll-over and ankle movement kinematics (45) that will lead to sub-optimal running mechanics
(46). Indeed, it has been observed that foot muscle fatigue shifted the dynamic plantar pressure to
the medial forefoot (47), reflecting excessive pronation. However, our results showed that running
induced fatigue shifted the dynamic plantar forces to the heel regions. These results are consistent
with the findings of William et al. and Abdollahi et al. who reported that loading on the medial heel
increases after fatigue (48, 49).

Findings showed that the force values in the midfoot region for the overweight group with a
pronated foot were greater compared to other groups. When compared to normal-weight
individuals they also had increased values of plantar pressure, midfoot and second head metatarsal
head plantar pressures (50). The differences in plantar pressure distribution, therefore, may be
related to mechanical repercussions of movement pattern changes due to fatigue. In fatigue
conditions, reduced muscular control of the foot-shank joints may impair the ability to dynamically
resist eversion or inversion (51). The authors noticed that overweight indiviuals with a pronated
foot seemed to flatten the midfoot during walking. In obese and overweight people, perhaps more
important than the development of muscle fatigue is how their high body mass has been reported to
affect plantar pressure and force pattern (52), walking strategies (53), and foot posture (54), such
that they were at a higher risk of foot discomfort and/or pathologies than normal-weight people
(17). A previous study demonsted that overweight subjects had diminished foot sensitivity and a
similar sensitivity in certain foot areas in comparison to gender, age and height-matched normal-
weight subjects (55). The conclusions suggested that due to an increased plantar pressure and
reduced foot sensitivity, obese individuals are predisposed to a higher risk of foot injury, with
limitation in activity performance (55). Our observation of significant differences in plantar loading
characteristics between obese and non-obese participants is consistent with previous research that
has identified higher peak pressures under the feet of obese individuals (6). Wilson and Krnozek
(56) reported that fatigue leads runners to modify their running mechanics, accompanied by changes
in the loading patterns of the plantar surface. Fourchet et al. (46) demonstrated that fatigue is
associated with increased loading beneath the medial arch. The elevated patterns of foot loading at
the midfoot in obese participants observed in this study suggest that there is increased ground
contact of the midfoot during walking, which could also be related to excessive adipose tissue in the
medial arch. Wearing et al. (57) suggest that fat mass, rather than changes in foot structure, may be
the cause of increased midfoot plantar pressures and the outward appearance of a ‘flat’ foot in obese
individuals. Increased body mass is known to contribute to elevated peak plantar pressures and
elevated peak plantar pressures are associated with foot pain (58). Change in body mass was not
significantly associated with change in foot pain intensity, but there were significant, positive
correlations between change in foot pain intensity and change in both heel and midfoot peak
pressure. This is consistent with the findings of Anbarian and Esmaili, who studied the effect of
running fatigue on the roll-over pattern of beginner runners, indicating increased pressure on the
anterior and medial parts of the foot (59). But these results are inconsistent with the findings of Bizio
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and Muretto that peak pressure decreases in the heel and midfoot regions. Bizio Muretto attributes
this pressure change to the shift of the center of pressure toward the forefoot after fatigue (60).

Results indicated that the peak pressure values in the first and second metatarsal regions for the
overweight group with a normal foot were greater compared to other groups. However, no studies
have analyzed foot structure and its changes in function in obese individuals. The feet are constantly
exposed to weight-bearing strains in obese individuals during normal gait, the weight in the feet is
approximately 1.2 times the body weight (61). In obese individuals, weight bearing on the medial
longitudinal arch is approximately 3 times greater than it is in normal weight individuals (57), which
can cause negative biodynamic changes that may potentially decrease the quality of life, and restrict
physical activity (62). In a prospective investigation, Teijs et al. (63) examined factors related to
patellofemoral pain and identified greater loading beneath the second and third metatarsals as a
significant contributing factor (63). Therefore, running-induced fatigue may increase the
susceptibility of novice runners with low arches to patellofemoral pain. Excessive heel striking has
also been identified as one of the contributing factors to patellofemoral pain (64). Greater pressure
and loading in the medial forefoot are indicative of increased heel-strike loading (65) and may
consequently represent a risk factor for patellofemoral pain among novice runners with low arches.

Furthermore, decreased physical activity can lead to weakened muscle strength due to restricted
motion (66). Excessive weight-bearing on feet due to obesity causes abnormal structural and
functional changes in the foot. Furthermore, it results in decreased physical activity and weakened
muscles, and leads to a series of unfortunate symptoms. These complications may increase
socioeconomic costs related to obesity, and hence, preventing obesity is important. Wiest et al. (47)
demonstrated that fatigue results in increased peak force, peak pressure, and momentum within the
second and third metatarsal and midfoot regions (47). They proposed that these alterations in the
rolling pattern of the foot may be useful in identifying metatarsal stress fractures associated with
fatigue (47). According to Elliott and Ackland (67), alterations in foot mechanics during running can
substantially influence running mechanics and overall performance (67). Accordingly, the observed
mechanical changes may reflect a deterioration in optimal running biomechanics. Such suboptimal
biomechanical patterns have also been recognized as contributing factors to the development of
running-related injuries (68).

Recent studies on flat feet showed the importance of investigating the pathophysiology of plantar
fasciitis and abnormalities of the feet in obese female adults (69). Obesity is a risk factor for plantar
fasciitis (70), and a mean plantar fascia thickness of 4.8 mm has been reported in patients with
plantar fasciitis (71). However, the mean plantar fascia thickness of obese patients in this study was
4.2 mm, which is 0.6 mm less than the mean thickness observed in patients with plantar fasciitis.
Obese and overweight patients have a higher mean plantar pressure than normal weight individuals
(72). Previous studies have reported increased plantar pressure on the heel and second and fourth
metatarsal bones in male participants with a BMI of = 25 kg/m2 (57). In a prospective study, Willems
etal. (65) demonstrated that a concentration ofloading on the medial side of the foot during running
represents a risk factor for ankle sprains among young male and female physical education students.
Previous findings have likewise indicated that transferring load toward the medial aspect of the foot
is associated with an increased risk of ankle sprain injuries (73). The accumulation and
concentration of plantar loading along the medial region of the foot may further increase the
likelihood of ankle sprains (74). Greater pressure and impact beneath the first metatarsal region
have also been identified as potential risk factors for ankle sprains (65). Furthermore, increased
metatarsal loading has been associated with the occurrence of metatarsal stress fractures (75). Thus,
greater loading beneath the first, second, and third metatarsals during fatigue may correspond to an
elevated risk of metatarsal stress fractures. Overall, running-induced fatigue may increase the risk
of patellofemoral pain, ankle sprains, and metatarsal stress fractures among runners with low
arches.
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The group effect was statistically significant for the peak pressure at the first toe, the second to fifth
toes, the first metatarsal bone, the second metatarsal bone, the midfoot region, the medial heel, and
the lateral heel regions. These variations can determine the overloading of the lower limbs, clinically
expressed by pain and discomfort (76). Because of higher peak pressures under lateral forefoot,
midfoot and rearfoot while jogging in comparison to fast running, jogging may cause foot problems
(77). Hamzawi and Esmaili (2021) reported that in the heel strike group, after fatigue, the pressure
on the medial and lateral parts of the heel, the first metatarsal, and the big toe increased; also, the
medial-lateral force ratio decreased in some phases. In the forefoot strike group, after fatigue, the
pressure on the first to third metatarsals increased and the pressure on the fifth metatarsal
decreased; the medial-lateral force ratio increased in certain phases. In both groups, the contact time
after fatigue increased. Finally, they concluded that: fatigue has different effects on pressure
distribution that depend on the type of foot strike, that is, the adaptive strategy of the foot with strike
is different (78). Overweight individuals with reduced daily physical activity generate higher plantar
pressures at forefoot and midfoot when compared to their normal-weight counterparts and those
overweight with increased physical activity (79). The dynamic distribution of plantar pressure
raises, with a maximum at forefoot (2nd-5th metatarsi) and midfoot (especially the medial part)
(80). The evaluation of static plantar pressure shows that overweight and obese individuals generate
higher forces on a higher foot area and increased plantar pressures when compared to their normal-
weight counterparts, especially for the midfoot and under the heads of 2nd-5th metatarsi (81).

Additionally, the findings showed no significant differences for the interaction effect of fatigue and
group. Therefore, given that the effect of group and fatigue variables was not significant in most of
the variables of the present study, it should be considered that the response of different groups to
the fatigue protocol was almost similar. These observations are inconsistant to those of the study of
Mesquita et al. (76). that concluded that in obese individuals the plantar pressure distribution during
running was modified. The results of this study showed that while running the obese individuals
generated more forces when compared with those with lower weight. BMI was positively correlated
with peak pressure for the whole foot, midfoot and forefoot. They had a larger contact area under all
foot areas. Thereby, this study highlights that obesity is associated with the increase of plantar
pressure during running with self-selected speeds (speeds identified as the average
walking/running speed of five overground trials on a 10 m route (82). Moreover, it issued the
hypothesis that obese individuals have a higher risk of developing foot discomfort and pain.

The physiological effects of fatigue on the activation and efficiency of the muscle mechanism lead to
gait pattern disturbances. Hauswirt et al. (83) reported that both stride length and stride frequency
undergo changes toward the end of prolonged running. Mizrahi et al. (84) also found that, during
treadmill running at a constant speed, stride velocity decreases as running-induced fatigue becomes
more pronounced. From a mechanical standpoint, alterations in the gait pattern inevitably result in
corresponding changes in ground reaction forces. There are limitations in this study, including the
limited number of subjects, the lack of recording of kinematic variables in 3D, and the use of barefoot
walking, so the results of this study cannot be generalized to walking with shoes. Therefore, it is
suggested that these issues be investigated in future studies. given that the dependent variables of
plantar pressure and force were high in different areas of the foot and there is a possibility of
increased type I error, the results of the present study should be interpreted with caution. In
addition, electromyographic muscle activity was not assessed. Recording electromyographic activity
can help to better interpret neuromuscular adaptations and provide a clearer explanation for
pressure-related changes.

Conclusion

The findings of this study suggest that running-induced fatigue may alter plantar force and pressure
distribution during walking. Following fatigue, plantar loading appeared to shift from certain
forefoot regions toward the heel, potentially reflecting changes in neuromuscular control.
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Furthermore, overweight individuals, particularly those with pronated feet, exhibited greater
plantar loading in certain regions, especially the midfoot. These findings suggest that body weight
status and foot posture may influence plantar loading patterns. However, the absence of significant
fatigue x group interaction effects for plantar pressure variables suggests that the groups responded
similarly to the fatigue protocol in terms of plantar pressure distribution. Future studies
incorporating lower-limb kinematics and muscle activity measurements are recommended to better
understand the mechanisms underlying these changes.
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