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Abstract

Background—Risk of overuse injury among athletes is high due in part to repeated loading of

the lower extremities. Compared to individuals with normal arch (NA) structure, those with high

(HA) or low arch (LA) may be at increased risk of specific overuse injuries, including stress

fractures. A high medial longitudinal arch may result in decreased shock absorbing properties due

to increased rigidity in foot mechanics. While the effect of arch structure on dynamic function has

been examined in straight line walking and running, the relationship between the two during

multi-directional movements remains unstudied.

Objective—The purpose of this study was to determine if differences in plantar loading in

football players occur during both walking and pivoting movements.

Method—Plantar loading was examined in 9 regions of the foot for 26 participants (16 NA, 10

HA).
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Results—High arch athletes demonstrated increased maximum force in the lateral rear foot and

medial forefoot, and force time integral in the medial forefoot while walking. HA athletes also

demonstrated increased maximum force in the medial rear foot and medial and central forefoot

during rapid pivoting.

Conclusions—The current findings demonstrate that loading patterns differ between football

players with high and normal arch structure, which could possibly influence injury risk in this

population.
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1. Introduction

Risk of lower extremity injury among young athletes is related to a variety of internal and

external factors. It has been suggested that repeated impacts with the ground, coincident

with the resultant ground reaction forces, can initiate numerous lower extremity injuries,

including stress fractures [1], cartilage damage [2] and the development of osteoarthritis

[3,4], amongst others. Anatomical differences in foot, including abnormal arch structure,

increase the risk of lower extremity overuse injuries two-fold [5]. Athletes with both high

and low arches may be at increased risk of lower extremity injury compared to athletes with

normal arches [5–7]. A high medial longitudinal arch may increase rigid foot mechanics that

result in decreased shock-absorbing properties when compared to athletes with normal arch

structure [5,8,9]. Specifically, decreased motion (increased stiffness) between multiple

segments within the foot has been shown among individuals with high arch structure [10].

An increased relative arch height is also linked to increased risk of multiple lower extremity

injuries, including plantar fasciitis and lateral ankle sprains [9]. Furthermore, the

biomechanical coupling of foot eversion-inversion with tibial internal-external rotation may

also increase the risk of knee injury in athletes with a high arch [11].

Foot structure can be objectively assessed with a variety of clinical and research tools [12–

15]. For example, the arch height index measurement system (AHIMS) is a non-invasive,

easy to use device that is a reliable and valid method of measuring the foot structure

[9,14,16,17]. Objective measurement could provide an effective tool for clinicians to

identify an athlete's relative predisposition to injury [11].

Comparison of foot structure to dynamic function has been evaluated primarily during

straight-line walking and running [7,10–12,18–23], with findings of changes in loading

[12,20,22] and kinematic aspects of movement [11] among those with varying arch

structures. The current literature indicates that further insight into injury mechanisms among

athletes with abnormal arch height could result by evaluation of dynamic loading activities

in shod conditions [10]. Specifically, differences in plantar loading between straight line

tasks and multi-directional movements have been previously demonstrated in shod

conditions. For example, when compared to running, individuals performing a side cut have

demonstrated increased values on the medial aspect of the foot in peak pressure [23,24],

pressure time integral [23] and percent of total load of the foot [24].
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Shoe design for football may consist of different cleat patterns, cushioning characteristics

and a vast variety of materials. The requirements for the sport and position often require

different design considerations. For American football, cutting maneuvers are frequent and

have been previously examined [25,26]. Ford et al. [26] compared a football cleat on

multiple surfaces (synthetic and natural) and found significantly greater forefoot loading on

the natural grass surface. Interestingly, the lateral aspect of the foot had greater peak

pressure on a synthetic surface compared to natural surface when cutting with cleated

footwear [26]. Oredurff et al. [25] identified similar pressure distribution patterns when

wearing a similar cleat used in Ford et al. [26]. Several additional movements were

examined and compared across different cleat patterns. The relationship between cushioning

and support during cutting may be considered a challenging design feature in American

football cleats. Additional questions are likely raised due to individual variation of foot

structure, specifically arch height. Therefore, the purpose of the current study was to

determine if loading patterns were different among high school football players with

different arch structures. We hypothesized that individuals with a high arch would have

increased plantar loading relative to individuals with a normal arch during barefoot walking

and dynamic cutting activities while wearing sport-specific footwear.

2. Methods

2.1. Subjects

Twenty six participants underwent measurements of foot type and completed walking and

slalom cutting protocols described below (Table 1). Informed consent, approved by the

Institutional Review Board, was obtained for all participants or their legal guardian if under

18 years old. Participants completed both injury history and current athletic participation

questionnaires. Inclusion criteria consisted of: (1) active member of a high school football

team, (2) lower extremity injury history, including the absence of any current injury, and (3)

current participation in an off-season conditioning program.

2.2. Static foot structure measurements

Foot measurements were made using the arch height index measurement system (AHIMS).

While seated, dorsum height at 50% total foot length was divided by truncated foot length,

measured from the heel to the first metatarsal head, to calculate arch height index (AHI)

[9,17]. AHI classifications were determined based on 1.5 standard deviations from a mean

value of 0.316±.027 from previously measured sample of 102 feet [9]. An AHI of 0.356 or

greater was identified as high arch, while AHI of 0.275 or below was identified as low arch.

2.3. Dynamic foot function measurements

2.3.1. Barefoot walking—Novel emed-x system (Novel, St. Paul, MN) was embedded in

a portable runway to measure the distribution of pressure under the foot during barefoot

walking. Participants walked at a self-selected speed, while making contact with the plate

with one foot per trial. Participants took a three step approach with the third step landing on

the plate for a total of three trials per foot.
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2.3.2. Shod cutting—Participants were fitted with American football specific cleats

designed for synthetic surfaces (Scorch Thrill FieldTurf, Adidas) and wore thin cotton

socks. A slalom course was laid out on a synthetic playing surface (Fig. 1) on which

participants performed a total of eight cutting steps (4 right, 4 left) per trial at maximum

effort. A duplicate course was set up on the same field where participants were instructed

the proper running and cutting technique and allowed to practice until proficient in testing

methods prior to data collection.

A Novel pedar-x system (Novel, St. Paul, MN) was used to measure in-shoe pressure data.

Conforming insoles containing 99 sensors were placed inside each shoe beneath the plantar

surface of the foot. Subject given a brief acclimation period and with an opportunity to

adjust the footwear prior to the trials. A Velcro waistband was used to hold the pedar unit

connected to the insoles, along with battery power and transmitter for wireless data

collection. Each participant completed two trials through the slalom course.

3. Data analysis

Arch height and foot pressures from both feet were measured for each subject. Participants

were classified as high, normal or low arch based on previous findings [9]. Data for both

barefoot walking and shod cutting were sampled at 100 Hz with each measurement system.

Prior to collection, conforming insoles were calibrated to a known load of 900 kPa. In each

condition, force time integral (FTI), maximum force (MF) and peak pressure (PP) were

calculated for seven defined regions of the foot: medial heel, lateral heel, medial midfoot,

lateral midfoot, medial forefoot, central forefoot and lateral forefoot. Each region was

defined as a percentage of the total foot, so regions were consistent across multiple insole

sizes. Bare foot steps were defined as initial contact with the pressure plate until toe-off, and

the specified regions of the foot were evaluated. Cutting steps were defined as initial contact

with the ground until toe-off while accelerating towards the next sequential cone on the

slalom course (Fig. 1). Each trial was synchronized with digital video to identify the frames

when cutting steps occurred. Loading data were extracted only for the frames in which

cutting steps were identified.

3.1. Statistical analysis

Mean and standard deviations were calculated for demographic information regarding each

of the participants, along with peak pressure, force time integral and maximum force in each

foot region. A repeated measures 2-way ANOVA was performed for both walking and

cutting conditions (high vs normal arch) using PSW Statistics software (Version 17, SPSS

Inc., Chicago, IL). Alpha level was defined as 0.05 to identify statistical significance

between groups.

4. Results

4.1. AHI

Ten participants (38%) were identified as having high arch (HA) and 16 (62%) identified as

normal arch (NA). Four participants classified as low arch were excluded from the analyses
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based on pre-determined exclusionary criteria. During in-shoe testing, two participants in

each group were excluded due to insufficient data, resulting in 8 HA and 14 NA participants.

4.2. Barefoot gait

The HA group demonstrated greater maximum force in the lateral hindfoot (p = 0.008) and

medial forefoot (p < 0.001) compared to the NA group (Fig. 2). The remaining foot regions

were not statistically different in force between groups. Force Time Integral was greater for

the HA athletes in the medial forefoot (p = 0.044), but not in any other foot region (Fig. 3).

There were no differences in peak pressure between the two groups in all regions.

4.3. Shod cutting

The HA athletes exhibited greater maximum force in the medial hindfoot (p = 0.031),

medial forefoot (p = 0.007) and central forefoot (p = 0.025) compared to NA athletes (Fig.

4). No differences were found for any of the remaining foot regions, nor in any foot region

for force time integral nor peak pressure (p > 0.05).

5. Discussion

The purpose of this study was to examine the difference in loading patterns of American

football players with high and normal arch structures. The findings of the current study

indicate that athletes with high arch height exhibit different loading patterns during barefoot

walking and rapid cutting than those with normal arch structures. These differences are most

evident in the lateral heel and medial forefoot. It has been suggested that a high arch

structure results in a more rigid foot, less capable of dissipating forces related to contact

with the ground. In the literature, a low arch foot has been described as a better shock

absorber than a normal foot with high arch [8], and has shown decreased force and pressure

compared to normal arch [11]. Further, those with a high arch have demonstrated stiffer foot

mechanics, with less eversion at the ankle, rear/midfoot and mid/forefoot joints compared to

low arch during dynamic loading [10]. These claims were supported in the current study,

specifically regarding increased maximum force observed among those with high arch

structure.

Not surprisingly, the movements performed in this study elicited different plantar loading

patterns. However, in each condition, group differences in maximum force were shown in

regions involved with the initial contact and toe off portion of the stance phase, where forces

may be greatest. These regions of differential maximum force loading include the lateral

rearfoot and medial forefoot in walking, and the medial rearfoot and forefoot while cutting.

Though loading measurements while walking and running have been studied, the specific

evaluation of FTI (impulse) has rarely been reported. Representing the time over which a

force is applied, impulse measurements offer valuable insight to evaluate pathomechanics

associated with overuse injuries in specific foot regions [27]. In the present study, the

highest impulse values of FTI occurred in the lateral and central forefoot, but were only

increased in the medial forefoot among the high arch group during walking. Compared to

other athletic tasks, impulse has been greatest in the medial forefoot during a side cut
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[23,27]. However, in the current study, no difference between arch conditions was observed

for any foot region during pivoting, despite significant differences in maximum force.

A pivoting or cutting movement requires participants to land and push off from the medial

aspect of the foot. When cutting, previous work has demonstrated increases in peak pressure

[23,24,27], percent load [24], and FTI impulses [27] on medial aspects of the foot,

regardless of arch classification. In the current study, the greatest maximum force occurred

in the medial rear and forefoot while cutting. In particular, participants with a high arch

increased maximum force in the medial heel and medial forefoot, which potentially

increased the risk of stress-related injury in those regions associated with overuse. The

physical demands of American football often require quick movements with rapid

deceleration. While one prospective study reported more injuries to the lateral aspect of the

foot among those with high arches [7], the present findings indicate that football players, in

particular, with high arches may be at increased risk of overuse injuries to the medial aspect

of the foot.

To our knowledge, the current study is the first to examine high arch compared to normal

arch feet during athletic cutting movements. No athletes analyzed in the current study had

low arches. Therefore, comparison of the effects of arch height on dynamic foot function

should only be generalized to those with high and normal arch structures. It should also be

noted that pivoting or cutting movements performed during running by athletes in the

present study were evaluated on a synthetic playing surface. While the turf technology has

improved to represent natural grass, differences in loading patterns between the two surfaces

have been observed [26]. While performing similar cutting movements, athletes of similar

age (16.9 ± 0.9 years) were shown to increase peak pressure in the central forefoot and

lesser toes on a synthetic playing surface compared to natural grass. Conversely, relative

load in the medial forefoot and lateral midfoot were greater on natural grass when compared

to the synthetic turf. Results of the current study pertain only to movements on a synthetic

surface, and should be interpreted as such.

Research into the influences of arch type on foot mechanics to injury risk has produced

mixed results [28]. Further, barefoot and shod data should be interpreted independently, as

differences between those with both low and high arches were reported under the two

conditions [21]. For example, these findings contradict previous work of authors who

suggested increased lateral loading in high arch and medial loading in low arch [7]. This

may indicate that loading patterns differ between activities, and not primarily by arch type.

The clinical importance of the current findings could be significant in terms of identifying

athletes that may be at increased risk of certain injuries. Arch structure classification may be

incorporated in a pre-activity screening and the implementation of specific performance

tools could potentially alter injury risk. For example, different footwear conditions have

been shown to alter plantar loading when performing aggressive cutting movements similar

to those outlined in the current study (Orendurff et al. [25]). When wearing a football boot

with added midsole foam, peak plantar pressures decreased compared to a traditional

football boot with no foam midsole.
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Among athletes required to perform frequent and rapid pivoting/cutting movements, such as

football players, those with a high arch may be at increased risk of overuse injury compared

to normal arch counterparts as evidence by the increased relative and impulse loading. The

results of the current study indicate that arch height index classification may be an effective

tool for clinicians for the evaluation of the potential loading differences between those with

varying foot structure within this specific athletic population.
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Fig. 1.
Slalom course.
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Fig. 2.
Maximum force during barefoot walking.
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Fig. 3.
Force time integral during barefoot walking.
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Fig. 4.
Maximum force during rapid cutting.
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Table 1

Demographic information for subjects with a normal arch compared to a high arch.

Age (years) Height (cm) Mass (kg)

Normal arch (n= 14) 17.3 ± 0.4 179.2 ± 6.7 81.2 ± 10.8

High arch (n = 8) 17.6 ± 0.4 180.1 ± 5.0 88.5 ± 11.7

p-Value 0.170 0.723 0.119

Demographic data.
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