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SUPPORTING THE MEDIAL LONGITUDINAL ARCH: A COMPARISON BETWEEN

INTRINSIC AND EXTRINSIC MUSCULATURE

JAMES D. SCHAEFER

55 Pages

Context: Considerable research has been done to study what muscles best support the
medial longitudinal arch (MLA). However these studies look at intrinsic or extrinsic muscles
individually rather than comparing their effects at support of the MLA in a static stance.
Researchers have yet to examine the changes to the MLA in the gait cycle rather than just
looking at it from a static point of view. Objective: To study the effectiveness of two
strengthening protocols for supporting the medial longitudinal arch during stance and gait.
Design: Single-blinded, randomized control trial. Setting: Testing was completed in two athletic
training facilities. Patients or Other Participants: A total of 24 recreationally active patients
(14 females, 10 males) participated. Interventions: Individual strengthening protocols for
intrinsic and extrinsic muscles respectively. Main Outcome Measure(s): Static measurements
of navicular drop. Dynamic measurement of plantar pressure measuring contact area in square
centimeters of the midfoot. To compare the effects of the intervention, two, one-way ANOVAs
were used to compare change scores for the 3 intervention groups. Results: A significant
difference between groups was found for the change in navicular drop (p=0.001), but not plantar
pressure area (p=0.37). Post hoc comparisons for the change in navicular drop revealed a
significant difference between the extrinsic and control group (p=0.001, effect size=2.15, 95%

CI=0.92 to 3.38) and the extrinsic and intrinsic group (p=0.03, effect size=1.31, 95% CI=0.23 to



2.39), but no difference between the control and intrinsic group (p=0.31). Conclusions: These
results appear to demonstrate that extrinsic muscles of the foot have a greater effect in support of
the medial longitudinal arch during static stance. However, when dynamic measurements of
plantar pressures were measured, there were no significant results noted for either intervention
group. These results suggest that static standing exercises have no effect on dynamic support on
the medial longitudinal arch of the foot. This can lead to future research to study what

specifically causes dynamic changes of foot posture to occur.

KEYWORDS: intrinsic foot muscles; extrinsic foot muscles; medial longitudinal arch; pes

planus
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CHAPTER I: INTRODUCTION

Support of the medial longitudinal arch (MLA) is important for the foot’s ability to
maintain proper foot posture, and efficiently transmit forces up the lower kinetic chain.
Maintaining strength of the intrinsic and extrinsic foot musculature can help in supporting this
pivotal structure of the foot. Dysfunction of the MLA is shown to have an association with
injuries of the ankle, tibia, knee, and hip.!* A small dynamic change in the foot can cause several
compensations up the lower kinetic chain. The architecture and musculature of the foot has
evolved overtime as the demands of the body place on it have changed.> The MLA acts as a
mechanism to absorb forces while in weight bearing to reduce forces transmitted up the lower
leg.! The MLA can be classified based on the height of the arch itself; pes planus, pes cavus, and
recurvatum (rocker bottom foot) are the three common, and most basic, clinical classifications.!
Characterized by excessively pronated feet, pes planus is the most common foot problem in adult
individuals in the United States and can be measured by assessing how much the height of the
MLA drops when an increase of load is applied.>’

Extrinsic muscles of the foot have been thought to have a substantial effect on supporting
MLA during dynamic movements.>® One specific muscle that receives a lot of attention is the
tibialis posterior (TP) which has multiple insertions once it passes the medial malleolus and
enters into the foot.” The TP is the primary extrinsic muscle of the foot that is thought to support
the medial longitudinal arch.®!® The complex anatomy of the TP insertion sites serve to support
the MLA and dysfunction of this muscle can lead to decreased stability of the MLA and an
increase in likelihood of flat foot deformity (FFD).!! The TP tendon and the spring ligament are

stretched in individuals with FFD, decreasing the ability of the dynamic and static stabilizers to



function properly and causing a lowering in the height of the MLA.! Research supports the idea
that the TP plays a vital role in support of the MLA during cyclic loading.®

The intrinsic muscles (IM) of the foot are also often cited as providing the primary
support for the MLA.!? These muscles both originate and insert within the foot and have small
moment arms, thus generating only a small amount of force.® A foot core system has been
proposed to draw an analogy between the body’s core stabilizers and the IM that stabilize the
foot.? The idea of the foot core is that proper function of the intrinsic stabilizers provide a stable
support for prime movers to function properly and produce gross movements. IM of the foot act
as the stable base for prime extrinsic muscles such as the TP to perform the gross movements of
the ankle. Activation of IM is shown to increase as postural demand increases such as when an
individual is in full weight bearing.!® This data supports the idea of IM being important to
helping the TP function during dynamic movement. Theoretically, increased IM activation
during weight bearing should effect MLA height. Active muscles will contract and pull the
metatarsal heads posterior towards the calcaneus which will increase the MLA height. When the
IM fatigue this causes a significant decrease in the MLA height.'* Exercises to strengthen the IM
causes a shortening of the MLA suggesting that short foot exercises (SFE) can help increase
height of MLA.'?

The intrinsic and extrinsic muscles have been shown to support the MLA and in some
cases increase the height of the MLA with proper strengthening protocols. Researchers have
studied various ways to measure the height of the MLA in direct and indirect ways.'®!8 The
navicular drop test has been used as well as the arch height index, with both having sufficient
reliability'®° The arch height index measures from the head of the first metatarsal and most

posterior aspect of the calcaneus. This length is combined with the height of the dorsum of the



foot and the ratio is use to classify height of the MLA as a measure of foot posture.?' Studies
continue to look at extrinsic and intrinsic foot musculature separately rather than together. To the
researcher’s knowledge there has been no study done comparing effect of strengthening of
intrinsic muscles against extrinsic muscles and which one is more equipped to support the MLA.
The purpose of this study was to use a strengthening protocol specifically designed to improve
strength of intrinsic muscles and compare to a strengthening protocol for the extrinsic muscles to
see which muscle group better supports the MLA. We hypothesize that the height of the medial
longitudinal arch will increase and the average plantar pressure of the midfoot will decrease as a

result of strengthening both intrinsic and extrinsic muscles of the foot.



CHAPTER II: REVIEW OF LITERATURE

The ankle and foot have a unique relationship with the lower extremity. It serves as the
base of the kinetic chain that transfers forces up the lower extremity.?? There is many different
muscles, ligaments and fascia that support and move the foot and ankle. Breaking it down there
are 28 bones, 33 joints, 112 ligaments, 13 extrinsic muscles and 21 intrinsic muscles.!®
Specifically looking at the arches of the foot there are extrinsic and intrinsic factors that support
the longitudinal and transverse arches of the foot. Understanding the anatomy and function of the
foot leads to a better understanding of how to strengthen and support the various foot structures.
The purpose of this research is to identify what specific treatment protocol best increases height
of the medial longitudinal arch by way of muscle strengthening. Arch deformities are prevalent
among the general population and various treatment methods are instituted to combat both arch
deformity and the ancillary issues it causes up the kinetic chain. What is the best treatment
method regarding strengthening intrinsic muscles or extrinsic muscles.
Bony Anatomy

When studying the foot and specifically the medial longitudinal arch you must first think
of the entire lower kinetic chain. How the body transmits ground reaction forces and forces
produced by muscles up and down this chain effects the biomechanics of the lower extremity and
more importantly the kinematics of the foot. The lower leg is made up of two bones which are
the tibia and the fibula. At its proximal end, the narrow fibula has a head that holds an
articulating surface for the synovial joint between itself and the tibia. The majority of the shaft of
the fibula holds attachment sites for muscles; however a medial edge holds attachment to the
interosseous membrane which helps attach the fibula to the tibia. These attaching tissues provide

dynamic support for various movements. At the distal end of the fibula is a bony prominence



called the lateral malleolus, this forms the lateral aspect of the ankle joint. The proximal aspect
of the tibia which is the larger of the two bones in the lower leg has an articular surface with the
distal end of the femur and the medial and lateral femoral condyles. On the posterior aspect of
the lateral femoral condyle there is an articulation with the proximal head of the fibula. Distally
the tibia begins to flare into a larger diameter to form the medial malleolus. On the lateral surface
of the malleolus is an articular surface that forms the medial aspect of the ankle joint. The
inferior articular surface of the distal tibia transmits forces from the foot to the lower leg as well
as the tibia onto the foot. The distal end of the tibia and fibula form the mortis that makes up the
talocrural joint. This syndesmotic joint is supported by tibiofibular ligaments as well as the
interosseous membrane.?* Sagittal plane movements occur at the talocrural joint with
dorsiflexion and plantarflexion. The subtalar joint just inferior to the talus is where frontal plane
movement occurs in the form of ankle inversion and eversion. The most distal aspect of the
lower leg is the foot. The foot is comprised of 26 total bones made up of seven tarsals, 5
metatarsals, and 14 phalanges. The tarsals make up the hind foot and the metatarsals and
phalanges form what is referred to as the forefoot. The main bony connections between the foot
and the lower leg are the talus. The talus rests superior to the calcaneus while the talus articulates
with the navicular, the calcaneus articulates with the cuboid. On the medial aspect of the foot just
distal to the navicular are the medial, intermediate, and lateral cunciforms. Distal to the tarsals
are the metatarsals and the phalanges.?® The alignment of the bony anatomy of the foot formed
by the tarsals, metatarsals and ligaments produces the formation of the transverse and
longitudinal arches. The two longitudinal arches are the lateral and medial longitudinal arch.!
The supporting arches are designed to absorb and distribute forces during movement as well as

improve locomotion by propelling the body forwards during gait.!



Diving deeper into the bony anatomy of the foot we see the various landmarks and
articulations that allow the foot to perform various functions. Moving proximal to distal, we
begin with the talus which articulates with the inferior surface of the tibia, the medial surface of
the lateral malleolus, lateral surface of the medial malleolus, the calcaneus, and the head of the
navicular. The talus is wide at the front and narrow at the back. The narrowness of the back of
the talus allows for increased inversion and eversion when the ankle is in a loose packed position
such as plantar flexion. The closed packed position of dorsiflexion pushes the wide head of the
talus into the mortis joint which creates more stability at the ankle. Just inferior to the talus lay
the calcaneus which forms the heel of the foot. The calcaneal tuberosity has medial and lateral

processes that support the weight transmitted to the heel.?

The superior aspect of the calcaneus
has articular facets for the talus and the largest surface projecting off of medial aspect of the
calcaneus is the sustentaculum tali. The last articulation of the calcaneus is with the cuboid bone.
The cuboid not only articulates with the calcaneus, but also has articulations with the fourth and
fifth metatarsals. There is also a small a small medial articulation with the lateral cuneiform. The
navicular sits distal to the talus and medial to the cuboid. The distal articulations are with the
medial, intermediate and lateral cuneiforms. The medial bony prominence is the navicular
tuberosity which is easily palpable inferior and distal to the medial malleolus. The three
cuneiforms have proximal articulations with the navicular and the lateral cuneiform articulates
with the cuboid. All of these articulations are through synovial joints. The three cuneiforms
articulate with the first through third bases of the metatarsals. The metatarsals are similar to the

metacarpals in the hand. They are comprised of a proximal base, the shaft, and the distal head.

The phalanges are similar in description to the metatarsals. Each metatarsal base articulates with



the one next to it and the heads articulate with the phalanges distal to them. Two sesamoid bones
are commonly seen on the inferior aspect of the metatarsal phalangeal joint of the first toe.”?
Arches of the Foot

The foot has three separate arches consisting of twelve total bones from the calcaneus to
the metatarsals.>* These arches are designed to absorb and distribute body weight, providing both
stability and flexibility during various phases of movement. The arches of the foot provide an
elastic connection between the forefoot and the hind foot.! They also provide our base of support
during standing; however, during movement the arches allow the foot to attenuate loads. These
arches own spring-like characteristics that store and release energy with each foot strike.
Evolutionary research suggests that the foot arch has developed in response to the increased
demands of walking and running. The stability of the arch is thought to be the central core of the
foot and is imperative to normal foot function.® This unique relationship helps by ensuring that
the majority of forces confronted during weight bearing can be dissipated before reaching the
bones of the lower leg.">* There are two longitudinal arches that run medial and lateral as well as
a transverse arch that is anatomically located in the frontal plane. The transverse arch is formed
by the head of the talus, the navicular, calcaneus, cuboid and the base of the metatarsals.”> The
intermediate cuneiform serves as the keystone of the transverse arch.!>> As the transverse arch
moves distally down the foot it begins to flatten out and the heads of the metatarsals are all on
the same plane and share the duties of weight bearing.?® The lateral longitudinal arch begins at
the calcaneus and travels through the cuboid, to the heads of the fourth and fifth metatarsals.>
With the cuboid being the most integral part of the lateral longitudinal arch.?® Stresses on the
arches are not proportional and the medial longitudinal arch is viewed as the most significant

clinically when studying flat foot deformities.!*> The medial longitudinal arch supports the



body-weight loaded from the talus up to the tibia.?* The medial longitudinal arch starts with the
calcaneus and moves distal through the talus, navicular, cuneiforms, and to the heads of the first,
second and third metatarsals.>»?* The navicular, which is an attachment site for several soft tissue
structures, serves as the key bony component to the medial longitudinal arch.?> Normally the
medial longitudinal arch has three classifications of normal, low, and high."?’ The low arch, or
“pes planus” can lead to less optimal foot function and is referenced with the development of
lower extremity and back injuries.?’° Pes planus affects the ability of the bones of the foot to
lock and form a ridged lever during walking. The lever allows for propulsion and absorption of
forces.! Even though these arches are defined separately, it has been proposed that the arches
blend together into a half dome responsible for adapting to load changes during static and
dynamic activities.?!

What Supports These Arches?

Passive and active support of the longitudinal arches. The medial longitudinal arch is
supported both passively and actively by ligaments, plantar aponeurosis, and muscles.® The main
static supports of the medial longitudinal arch are the plantar aponeurosis, the long and short
plantar ligaments and the plantar calcanonavicular ligament, also known as the spring
ligament.®*? Huang et al.>* found that the highest static contribution to arch stability is provided
by the plantar aponeurosis. The spring ligament has two main components, the superomedial and

the inferior calcanonavicular ligament.>*

The superomedial portion is medial to the talar head and
is the portion that blends with the deltoid ligament.*-*” The calcanonavicular portion originates
from the sustentaculum tali on the medial aspect of the calcaneus and inserts on the most

prominent medial aspect of the navicular tubercle.!>* As the ligament spans the proximal third of

the medial aspect of the foot it creates a sling for the lower surface of the head of the talus to



rest.??

The spring ligament restricts joint motion that contributes to the flattening of the arch. It
also adds some elasticity to the arch which allows the arch to return to its unloaded state when
not bearing weight.!*> The lateral longitudinal arch is supported by the long plantar ligament
which originates on the lateral aspect of the calcaneus posteriorly and inserts on the cuboid and
the third through fifth metatarsals.?® The plantar aponeurosis or plantar fascia has a primary
function to provide rigid support of the arches during the propulsion phase of gait, this is done
through the Windlass effect.® The Windlass effect occurs when the great toe moves into
extension and provides a tension on the plantar aponeurosis. This shortens the fascia and
supports the medial longitudinal arch.

Active support of the medial longitudinal arch comes from both intrinsic and extrinsic
musculature including the anterior and posterior tibialis, fibularis longus and the plantar foot
intrinsic muscles. Of the intrinsic muscles the abductor hallucis, the flexor digitorum brevis and
the quadratus plantae are three muscles thought to contribute the most support.* However,
surface EMG does not allow the examination of the deeper layers of the plantar intrinsic
muscles, 31440

Intrinsic foot muscles. Several muscles within the foot contribute to the support of the
medial longitudinal arch.'>*'**? These muscles have small moment arms, small cross-sectional
areas and do not produce a high magnitude of force.> Muscles within the foot are termed to be
intrinsic, defined by having both an origin and insertion within the foot without crossing the
ankle joint.*** Intrinsic foot muscles have origins and insertions on both the dorsal and plantar
aspect of the foot. The plantar intrinsic muscles contribute more to support of the arches of the

foot relative to the dorsal muscles. Allen and Gross'? suggested a theory that the weak intrinsic

muscles provide insufficient dynamic support to the medial longitudinal arch which causes and



increased strain on the plantar aponeurosis. This is supported by Headlee et al. who found that
significantly fatiguing the intrinsic muscles of the foot increases navicular drop.!'*

The plantar intrinsic foot muscles are organized into four layers with the most superficial
layer being deep to the plantar aponeurosis.>**** The first two layers have muscle configurations
that align with the medial and lateral longitudinal arches of the foot, whereas the deeper layers
align more so with the anterior and posterior transverse arches.> Composed of the abductor
hallucis, flexor digitorum brevis, and the abductor digiti minimi.** The abductor hallucis is the
most medial muscle in the first layer. This muscle originates from the posteromedial calcaneus
and inserts into the medial sesamoid on the plantar aspect of the first ray.*> Wong et al.*® theorize
that the abductor hallucis muscle is active during abduction of the hallucis, flexion and
supination of the first metatarsal, inversion of the calcaneus and external rotation of the tibia in
combination with the elevation of the medial longitudinal arch. The abductor hallucis muscle
plays an important role supporting the medial longitudinal arch and resisting pronation in static
stance. '**" The second layer is made up of the quadtratus plantae and the lumbricals. The third
layer consists of adductor hallucis transverse, adductor hallucis oblique, flexor hallucis brevis
and flexor digit minimi brevis. The deepest layer is comprised of three plantar interossei. All the
plantar intrinsic muscles share an innervation from the medial and lateral plantar branches of the
tibial nerve.** Research using electromyography shows small amounts of activity in the abductor
halluces, flexor digitorum brevis and the quadratus plantae muscles during standing. These
muscle signals increase with increased postural demands, such as increase body mass or weight
being carried.>!* Hashimoto et al. found that increases in intrinsic foot flexor strength lead to
shorter longitudinal and horizontal foot arches. Other studies show that the abductor halluces,

flexor halluces brevis, flexor digitorum brevis, and interosseous muscles help stabilize the foot
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arch during propulsion. Making the foot ridged during toe off rather than loose when in standing
position.*7#

The intrinsic muscles on the dorsum of the foot are divided into two layers.** The dorsal
intrinsic muscles do not appear in much literature and their function is relatively unknown in
relation to the plantar intrinsic muscles.’® The most superficial layer houses the extensor hallucis
brevis and extensor digitorum brevis. These two muscles are innervated by the deep fibular
nerve. The second and most deep layer holds the dorsal interossei muscles and is innervated by
the lateral plantar nerve with the first and second dorsal interossei also receiving part of their
innervation from the deep fibular nerve.*

Intrinsic foot muscles contribute an important role in supporting the medial longitudinal
arch during gait, however studies also show that there is muscle activation during static standing
as well.!3* These muscle signals increase with increase in postural loading and there is also
evidence that weakness in the plantar intrinsic muscles has been implicated as a contributing
factor to balance deficiencies.!*!2 With weakness of intrinsic foot muscles there is a
diminished ability to support the medial longitudinal arch.'* This leads to issues such as plantar
fasciitis and medial tibial stress syndrome (shin splints), Achilles tendinopathy, posterior tibialis
tendinopathy, anterior and posterior tibialis overuse.'**° This can also work up the kinetic chain.
Excessive pronation leads to internal rotation at the tibia which causes an increased valgus torque
at the knee.* Increased pronation causes the subtalar joint to evert which causes internal rotation
of the tibia. This causes the femur to externally rotate which produces the valgus motion at the
knee.>® These changes continue to move up the kinetic chain which is why the structure and

function of the foot is critically important.>* Kelly et al. completed a study showing that
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activation of the quadratus plantae, flexor digitorum brevis, and abductor hallucis increases with
an increase in postural demands.'?

Tibialis posterior. The primary extrinsic muscle of the foot that is thought to support the
medial longitudinal arch is the tibialis posterior (TP).*!° Various studies have been done to learn
the anatomy of the TP as well as what role it plays in supporting the foot during stance and
gait.%!1-> The tibialis posterior muscle has a vital role during gait as the primary dynamic
stabilizer of the rear foot and the medial longitudinal arch.>%!%% The muscle has primary roles
of inversion at the subtalar joint and stabilizing the midfoot, it is also a foot adductor and
plantarflexor.%*>"-3 The TP has multiple insertions once it passes the medial malleolus and
enters into the foot. The insertions are divided into two divisions referred to as superficial and
deep.’” With the superficial component being divided into an anterior, medial and posterior
aspect.” The anterior aspect is the largest and attaches to the navicular tuberosity and the inferior
surface of the medial cuneiform.”* The deep insertion has many insertions along the
intermediate and lateral cuneiforms, the cuboid, and the 2" and 4™ metatarsal bones.” The
complex anatomy of the TP insertion sites serve to support the MLA. With dysfunction of the TP
muscle stability of the foot is disrupted and can lead to a progressive FFD. The TP tendon along
with the spring ligament is stretched in individuals with FFD, this results in a decrease in the
height of the MLA.! Studies have shown that the TP muscle is vital to keep the integrity and
restore the MLA height during cyclic loading.®

Acquired pes planus is a popular chronic foot disorder noted by flattening of the medial
longitudinal arch and decreased function of the posterior medial supporting tissues, mainly the
tibialis posterior.’ The posterior tibialis is unable to lift the medial longitudinal arch and lock the

mid tarsal joint. This causes an inability to stabilize the hind foot and increases risk of injury to
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other soft tissue structures.® Studies have shown that dysfunction of the posterior tibialis during
gait causes a posterior shift of the center of gravity and puts stress on the medial aspect of the
foot.>> Imhauser et al. found that the function of the posterior tibialis during gait is to shift the
center of pressure anteriorly and prevent the forces acting on the foot to shift medial, which

causes a collapse of the medial longitudinal arch and eversion of the hind foot.*

Dysfunction of
the posterior tibialis limited the ability of the muscle to perform both functions. It was found that
the center of pressure would shift anteriorly, but the arch would still collapse. Studies found that
individuals with posterior tibialis tendon dysfunction have an increased length of the posterior
tibialis tendon. This showed that subjects with an increase in tendon length experience an
increase in dysfunction of the tibialis posterior and the dynamic support of the medial
longitudinal arch.>%¢°

Further research has been done to show that the tibialis posterior is essential to maintain
medial longitudinal arch height during axial loading.® Kamiya et al. study indicated that medial
longitudinal arch height is not able to be maintained by passive support alone. It is necessary for
intrinsic and extrinsic muscles to play a role in maintaining the stability and height of the medial
longitudinal arch. Neville et al.>’ found that individuals with posterior tibialis tendon dysfunction
have an increased loading along the medial structures of the foot. The decrease in strength
showed an increase in medial loading. These findings further support the idea that the tibialis
posterior plays a vital role in supporting the medial longitudinal arch.
Arch Deformities

There are various deformities within the foot from the arches to the toes. The deformities

in the arch can be localized to the medial longitudinal arch, specifically in reference to the height

of the medial longitudinal arch and its effect on postural control in both static and dynamic
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function. The medial longitudinal arch has two extremes of structural position, high arch or pas
cavus and low arch or pes planus.!

Individuals with pes cavus generally bear weight along the metatarsal heads and the
lateral aspect of the foot or the 4™ and 5 rays. With repeated pressure from weight bearing these
lateral structures and the lateral aspect of the calcaneus develop bruising and calcifications due to
adaptations under Wolff’s law. With the high arches’ inefficiency to distribute forces in weight
bearing, one might develop a callus under the head of the 2" metatarsal. A high arched foot’s
inefficiency to distribute forces in weight bearing, one might develop a callus under the head of
the 2nd metatarsal.> High arches produce a short plantar fascia which also can lead to a tight
Achilles. With a tight plantar fascia the foot is unable to transfer forces and they move up the leg
through the subtalar and talocrural joints.! This leads to stress fractures in the lower extremity.!
Individuals with pes cavus will have an inverted subtalar joint. Tight inverter and plantar flexor
muscles and weak everter muscles are often seen with pes cavus.!

Pes planus has been found to be the most common foot problem among adults in the
United States.? There is a direct correlation between activation of muscles of the foot and height
of the medial longitudinal arch. The lower the medial longitudinal arch, the less activity of the
muscles that support it. Lee et al. found that activation of the abductor hallucis was lower in
subjects with pas planus compared to those with a neutral foot.*” With pes planus, the head of the
talus sits more medial in the plantar direction relative to the navicular. This position of the talus
stretches the calcanonavicular ligament and the tendon of the tibialis posterior. These two
structures being put on a stretch compromises the height of the medial longitudinal arch.! With
pes planus not only is there a flattening of the medial longitudinal arch, but also rear foot valgus

and abduction of the forefoot on the hind foot.>** The forefoot and hind foot structures untwist
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from each other causing an everted calcaneus and an abducted forefoot. This flattens the medial
longitudinal arch and causes the “too many toes” phenomenon when inspecting an individual
from posterior.! When examining an individual’s foot posture from behind the examiner should
see the entire 5th digit and part of the 4™, if more toes are visible it is referred to as too many
toes. Rigid flat foot is present when an individual has a flat foot both in sitting and in standing.
Supple flat foot is when the individual has a visible medial longitudinal arch in sitting and when
they stand up the arch flattens out. Individuals with a flat foot have shorter everter muscles,
stretched inverter muscles and laxity of the medial ligaments of the foot.!
Calcaneal Eversion in Relationship to Pronation

Increased navicular drop independent or combined with increased calcaneal eversion
have been thought to suggest a decrease in height of the medial longitudinal arch.%! Abnormal
subtalar joint pronation may cause prolonged increased loads on other structures of the foot and
may be evidenced by an increase in maximal calcaneal eversion.®?** Arangio et al. found that as
the calcaneus everts the borne load shifts from lateral to medial. Increasing the pressure put on
the head of the first metatarsal and decreasing the load on the fifth.®> In weight bearing, forces
are absorbed and transmitted through the subtalar joint. Specifically, the talus distributes forces
to the navicular and calcaneus.! In individuals with flat feet the talus plantar flexes and adducts
causing a stretch on the spring ligament and putting pressure on the posterior tibialis tendon.*®
All of this causes a decrease in the height of the medial longitudinal arch and forces the
calcaneus also known as the hind foot to evert at the subtalar joint.!*” When assessing abnormal
pronation a measurement of calcaneal eversion greater than three degrees is thought to contribute
to excessive pronation.®® Eversion at the subtalar joint is thought to decrease the rigidity of the

foot during ambulation and is less capable to absorb ground forces. This causes an increase in
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activity of the intrinsic and extrinsic muscles of the foot to support the medial longitudinal arch
which overtime produces fatigue of the muscles and various collateral injuries to the surrounding
bony and soft tissue structures.! Calcaneal eversion occurs at the subtalar joint. The subtalar joint
is the articulation between the underside of the talus and the superior surface of the calcaneus.
The articulation occurs at two separate facets, a posterior facet where the inferior concave
surface of the talus rests on the superior convex surface of the calcaneus, and an anterior facet
with a convex talar facet fitting into a concave calcaneal surface.5® These specific articulations
allow for motions of the subtalar joint to occur in all three cardinal planes. These combined
motions make up supination and pronation. Eversion, abduction and slight dorsiflexion of the
foot are termed as pronation. Whereas inversion, adduction and plantarflexion of the foot is
termed supination.®*® These joint motions allow for efficient movement and transmission of
forces. Subotnick quantified the total amount of normal subtalar joint motion that should occur is
between twelve degrees of inversion and 6 degrees of eversion. The total 18 degrees of motion is
normal for subtalar motion during movement.”®
Treatment of Pes Planus

Intrinsic muscle strengthening/effects on navicular drop. Various studies have
assessed the effect of intrinsic muscle strengthening on height of the medial longitudinal
arch, 41539475471 previoys therapy protocols suggest the use of towel curling exercises can
strengthen the muscles supporting the arch. However, the exercise targets extrinsic muscles, in
this case the flexor digitorum longus.”® Short foot exercises have been found to activate intrinsic
foot muscles and help form the medial longitudinal arch.” Jung et al. found that activity of the
abductor hallucis was greater in that of subjects performing short foot exercise compared to those

performing towel curl exercise. Furthermore, they found that muscle activity of the abductor
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hallucis increased in subjects performing short foot exercise in standing compared to those
sitting.”® This supports Kelly’s research that the recruitment of plantar intrinsic muscles increases
as postural demand increases.'® Jung et al. used short foot exercise protocol while in standing to
increase activation of the abductor hallucis longus.* Goo et al. performed a similar study
however they used toe spreading exercise while weight bearing compared to sitting. All studies
found increased muscle activity when standing compared to sitting.”* Mulligan et al. used a
progressive approach where subjects began the short foot exercise while sitting and as the study
continued the subjects began to perform the exercise while standing.*

Sulowska et al. studied the effect of plantar short foot exercises on foot posture in long
distance runners. They found that performing exercises to work the intrinsic muscles including
Vele’s forward lean and reverse tandem gait helped to modify foot posture and reduce
pronation.>* The subjects in the study who performed the above exercises did not experience a
significant change in calcaneal eversion compared to the group that performed the short foot
exercise. When strengthening intrinsic foot muscles there needs to be a broad approach to the
muscles being activated. Not all exercises activate the same muscles and produce the same
changes in foot posture. It has been suggested that to get the most out of short foot exercises the
subject should perform the exercises in subtalar neutral. McKeon et al. describes teaching
subjects how to find subtalar neutral on their own before starting their protocol.’ Performing the
exercises in subtalar neutral can help increase foot posture changes as muscle activation can
increase with proper foot posture during exercise.”” Proper foot posture can improve single leg

dynamic balance as shown in a study by moon et al.”®
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Tibialis posterior strengthening. Other researchers focus on the extrinsic foot muscles,
or the prime movers such as the posterior tibialis muscle. The plethora of attachment sites the
posterior tibialis has lends to its ability to support the medial longitudinal arch when standing
and walking.!! The most common method that has been used to record posterior tibialis muscle
activity is an EMG.’ Its ability to show muscle activation during movement makes it an
invaluable tool. However there are relatively few studies that use intramuscular electrodes to
record posterior tibialis activity. It is difficult to isolate the tibialis posterior with plantar flexion
as the bulk of the plantarflexion is performed by the gastrocnemius and soleus complex.
Therefore, studies have used multiple exercises as intervention for strengthening of the posterior
tibialis.”” Kulig et al.’® used magnetic resonance imaging (MRI) to detect signal strength of the
posterior tibialis during various movements. He used closed chain resisted foot adduction,
unilateral heel raise, and open chain resisted supination (foot supination).’® Results showed
signal increase with all three exercises with closed chain resisted foot adduction eliciting the
greatest response from the MRI. With the unilateral heel raise the peroneus longus, soleus, and
gastrocnemius were more active than the posterior tibialis.*® Still it is useful to perform this
exercise as the posterior tibialis muscle is active during the movement. Bek et al. used what they
described as posterior tibialis strengthening in conjunction with unilateral and bilateral heel raise
in rehabilitation for individuals with posterior tibialis tendinopathy.® Their study finds that both
home based and supervised rehabilitation of the posterior tibialis improves muscle strength of the
posterior tibialis. Kamiya et al. used cadaver legs to study the effect of posterior tibialis on the
medial longitudinal arch during axial loading. Applying tension to the posterior tibialis in the
experimental group and no tension in the control group showed that the active posterior tibialis

tendon reduced the drop in the height of the navicular as cyclic loading increased.’
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Classification and Measurement

In 1998 Menz conducted a review of the many various methods of clinically measuring
foot pronation.?’ Looking at arch height, footprint indices, valgus index, navicular drift and
navicular drop he concluded that measurement of navicular drop and drift may prove to be the
most applicable method for measuring foot pronation. However, at the time there was not much
research conducted on use of the arch height index.

There are a few variables to consider when measuring and classifying foot posture.
Height, weight, foot size, age and gender are common demographic variables of subjects in
research. The pediatric foot is still developing and maturing compared to that of an adult foot.
The majority of children are born flat footed and the arch develops over the first 5 to 10 years of
a child’s life.”® The prevalence of pes planus at age 3 was estimated to be 44%-68% and
decreases to 21%-24% by age 6.°% Drefus et al. conducted a reliability study of the arch height
index to measure foot posture in children.’”® Finding that arch height index has good inter and
intra-rater reliability when measuring pediatric patients. When looking at the effect of weight on
changes in arch height Song et al.®* studied the effect of weight loss on foot structure and
function in obese adults. Their study yielded results showing that weight loss decreases the
magnitude of plantar pressure on the lateral arch of the foot. There were no significant
differences between groups in regards to foot structure and arch height index. Indicating that
weight does not have an effect on medial longitudinal arch height. Another study conducted by
Nilsson et al.** used body mass index (BMI) to classify weight and study the effect on maximum
navicular height and navicular drop. There was no correlation in both of their measures
supporting the thought that weight has a negligible effect on height of the medial longitudinal

arch. Zifchock et al.3 conducted a study on the factors effecting lateral dominance, arch height,
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and arch stiffness. Among them they looked at effects of gender on the medial longitudinal arch.
Their study found no significant differences between genders in arch height index. However,
women do tend to have less stiffness of the medial longitudinal arch suggesting women may be
at greater risk for soft tissue injuries compared to males.!

Arch indices. There are various ways to clinically assess foot posture disorders with
static stance being the simple and minimally evasive way to measure, that produces a high level
of consistency and validity.®® The method of measuring the height of the medial longitudinal
arch has evolved over time with many variations used to perform similar measurements. Cowan
et al. were one of the first to establish what is termed the bony arch index (BAI) which uses the

t.87 Foot length is measured from the heel to the

ratio of total foot length to navicular heigh
metatarsal phalangeal joint and navicular height is measured from the ground to the most
prominent aspect of the navicular tubercle while the subject is fully bearing weight on the foot
being measured.®” Although Cowan performed his measurements in full body weight other
researchers have taken measurements in 50% or 90% body weight. Researchers have also
defined foot length differently by specifying the use of the most posterior aspect of the heel to

t.86 The variations of these classifications and measurements

the first metatarsal phalangeal join
make it difficult to establish validity and normative values using the bony arch index. The bony
arch index has evolved in to the arch height index that various researchers have used to measure
height of the medial longitudinal arch and classify foot posture. Originally calculated using the
ratio of dorsum foot height at 50% of truncated foot length (measured from the most posterior
aspect of the calcaneus to the first metatarsal phalangeal joint) this measurement made it possible

to have normative values for the arch height index.*® Another use for foot length is measuring

from the most posterior aspect of the calcaneus to the tip of the longest toe.!”#%% Reliability
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studies comparing both measurements for foot length have produced high to very high intra and
inter-rater reliability.*®® Williams and McClay®® found the most reliable valid measurements in
their study were the dorsum height divided by truncated foot length rather than using the length
of the entire foot.

Reliability studies for the arch height index have been performed by various researchers
and their ICC numbers suggest very high reliability for both intra and inter rater.?!%® Richards et
al.® produced high intra and inter rater reliability using the arch height index measurement
system device. They established repeatable results and high reliability of the measurement device
to validate the use of this versus the calipers originally used to measure arch height index.
Williams and McClay®® originally used hand held digital calipers to measure arch height index.
Their study produced high to very high intra and inter-rater reliability testing in both 10% and
90% weight bearing. The researchers chose 10% weight bearing because they saw the entire
plantar surface of the foot in contact with the floor but the foot is still in a controlled weighted
position. Comparing caliper measurements to measurements using the arch height index
measurement system there is no discernable differences in reliability and validity of these
measurements. Suggesting that using hand held devices if more expensive measures are not
feasible will still produce valid results.

Navicular drop test. The navicular drop test is a popular method to assess medial

t.!” One of the first researches to assess changes in medial longitudinal

longitudinal arch heigh
arch height using navicular drop, Brody®® used the test to assess foot mobility and excessive
pronation in runners. He conducted the measurement with the patient standing on a firm surface

and their foot in subtalar neutral. The most prominent aspect of the navicular tuberosity is

palpated and the height is marked on an index card. The patient is instructed to relax and the

21



mark of the navicular height is made again. The difference was the relaxed position taken from
the neutral position with a difference of 10 mm or less being classified as normal, with greater
than 15mm classified as abnormal.'**° Brody did not provide any normative data in his study to
justify the ranges he provided for normal and abnormal measurements. There were also no data
to show reliability of measurements to support his use of the navicular drop test.

Studies have been done to classify the reliability of navicular drop and establish cut-off
values in an effort to produce valid ranges to categorize various foot postures.®*!>* Nilsson’s
study found that a normal navicular drop was 0.6 to 1.8 cm (6-18mm) which is in the range of
Brody’s original study listed above. Their study also found ranges of arch height on a scale
ranging from severely low arch (<2.7cm) to severely high arch (>6.4cm) and range of motion
values classifying them from very flexible (>2.3mm) of navicular drop) to very rigid (<0.0mm of
navicular drop). Nilsson’s range for a low arch was 1.8mm to 2.3mm of navicular drop from a
subtalar neutral position measurement to a relaxed stance.®* Many other researchers used a
measurement of greater than 10mm of navicular drop to classify a low arched, excessively
pronated foot.!6:76:94.95

Reliability studies have been done to look into intra tester and inter tester reliability levels
of the navicular drop to establish the validity of the navicular drop test.”>% Sell et al.

established high intra tester ICC of 0.95 resting and 0.92 in subtalar neutral closed chain position

as well as good results 0.83 when taking the difference between the two measurements. Sell et al.

1‘97 1.91

used experience testers in their study just as Ator et al.”’ did previously. Vinicombe et al.”* found
good intra tester reliability using the navicular drop test however they had a high level of
variability in their study. Using inexperienced testers Picciano et al.’® produced poor (0.61) to

moderate (0.79) intra tester reliability when measuring navicular drop. Looking at these studies
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one can believe that measurement of navicular drop done by one experienced clinician can
produce good to high reliability and minimal variability among measurements.

Plantar pressures. So far subjective measures of the medial longitudinal arch have been
discussed; however a different way of measuring the medial longitudinal arch and weight
bearing patterns in the foot is through radiographic imaging and plantar pressures. The repeatable
and simplistic nature of footprint analysis is a popular method to measure the medial longitudinal
arch.”® Different methods have been proposed for objective measurement of the medial
longitudinal arch which can be categorized as either direct or indirect. Direct methods of
measuring the medial longitudinal arch such as anthropometric measurements and radiographic

99100 compared to indirect footprint and photo analyses'®"1%2, These methods have

imaging
recently been thought to have the flaw of being static measurements rather than dynamic imaging
done through plantar pressures. Chu et al.!% were able to use static pressure measurements and
correlate footprints with various arch heights of individuals from low to high. Indicating that
pressure matching can give a classification of arch height.

Pedobarography is a newer method that allows clinicians to measure plantar pressures
during dynamic loading of the foot and lower extremity.!* Yalcin et al.!® conducted a study
comparing static and dynamic measurements using radiographic imaging against plantar pressure
mapping. They found that both static and dynamic methods can be used to successfully measure
the medial longitudinal arch. These findings disproved their own hypothesis that the
measurements should be significantly different.

Validity of the TekScan MatScan was established by an independent study which showed

the device to be highly accurate when compared to other commonly used plantar pressure

measurement systems.'% Reliability of these measurements has been studied by Zammit et al.!?’
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which conducted a study of the TekScan MatScan system measuring plantar forces and pressures
during barefoot level walking. The authors found that the TekScan MatScan showed moderate to
good reliability in measuring maximum force, peak pressure, and average pressure during
dynamic walking tests. These results put the TekScan MatScan on the same level of reliability as
other available plantar pressure measurement systems and suggest it can be used in research with
valid results.

When taking into account the sum of previous information it is known that both intrinsic
muscles and extrinsic muscles support the medial longitudinal arch. Researchers are able to use
plantar pressures to both statically and dynamically measure the medial longitudinal arch. To the
knowledge of this research team no studies have been conducted comparing extrinsic muscles to
intrinsic muscles and how they support the medial longitudinal arch. Using both static and
dynamic plantar pressure measurements as well as navicular drop measurement the goal is to
better understand what muscles support the arch and when those said muscles are most active

whether it be standing or moving.
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CHAPTER IIIl: METHODOLOGY

Participants

Thirty-one recreationally physically active individuals between the ages of 18 and 25
were recruited for this study (Table 1). Participants included in the study were healthy,
asymptomatic adults with clinically classified pes planus (navicular drop measurement of 11mm
or higher).®® Average navicular drop for each group can be referenced in table 1. Three subjects
were excluded citing previous history of lower extremity surgery to the leg being studied. Four
subjects were excluded who did not meet the required criteria of 1 1mm of navicular drop when
measured at baseline. The remaining 24 subjects (14 females, 10 males; age =21.04 + 1.68
years, height = 172.2 + 9.74cm, mass = 74.67 + 18.56 kg) were randomly placed into three
groups divided among Intrinsic Strengthening (IS), Extrinsic Strengthening (ES), and a control
group (CG). The control group received no intervention whereas the other two groups received
specific exercise protocols in accordance with the muscle group being strengthened.
Participants’ self-reported their age (years), gender, height (m), mass (kg) at baseline. The
clinician performing measurements was blinded to group allocation. Prior to beginning data
collection, the Institutional Review Board approved the study. All participants provided written
consent before they were allowed to participate in the study.
Instrumentation

Arch height index was measured in bilateral stance with the dominant foot in subtalar
neutral and 50% weight bearing in relaxed position using a digital caliper (Cen-tech Part No.
47257, Model 93293). Plantar pressures were recorded during static stance and level barefoot
walking using the TekScan MobileMat™ system with FootMat Research Software version 7.0

(Tekscan, Inc., Boston, MA). The apparatus is comprised of a 0.76 cm thick floor mat with a
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48.7 x 44.7 cm sensing area). The MobileMat™ samples data at a frequency of 40 Hertz (Hz).
Navicular drop was measured marking on an index card and measuring in millimeters with a
ruler.

Procedures

All measurements were taken by one clinician, a certified athletic trainer with seven years
of clinical experience. Measurements of navicular drop, AHI, and plantar pressures were taken at
baseline and following a four week intervention. The dominant foot of each participant was
measured in two standing positions. The dominant leg was defined as the stance leg when
kicking a ball. For navicular drop, participants were seated with heels flat on the floor legs
shoulder width apart and hips and knees at 90° of flexion. The clinician placed the ankle of the
foot being measured in subtalar neutral. The most prominent aspect of the navicular tubercle was
palpated and marked with a fine tip marker. That height was marked on an index card. The
participant was then told to stand up and relax their feet. The most prominent aspect of the
navicular tubercle was again palpated and marked with a fine tip marker. That height was
marked on the same index card and the difference was measured in millimeters with a ruler. This
measurement was recorded as the participant’s navicular drop.

For the AHI measurement, participants were asked to stand with heels against the wall. In
bilateral stance, the subject was asked to attempt to bear equal weight through both feet.3¢ The
dominant foot was placed into subtalar neutral which was defined as equal palpation of the
medial and lateral aspects of the talar head.!”® The examining clinician located the medial aspect
of the first metatarsal phalangeal joint (MTP) and marked it with a fine tip marker at the
approximate center of the joint. The clinician measured from the end of the wall to the end of the

great toe. This was the full foot measurement. The clinician then took the measurement from the
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posterior aspect of the heel (wall) to the approximate center of the first MTP. This provided the
measure of truncated foot length. The second measurement was taken using a digital caliper from
the top of the dorsum of the foot at 50% of the whole foot length. The AHI was then calculated
using the dorsum height and the truncated foot length.?! Truncated foot length has very high intra
and inter-rater reliability as a measurement and can be used to avoid accounting for toe
deformities.®® This measure was performed three times and average of the three measurements
was recorded for each participant.

For plantar pressure measurements, a baseline calibration measurement was taken while
the participant was in a single-leg static stance on the MobileMat™. The participant was
instructed to stand on the TekScan MobileMat™ with full weight maintained through the
dominant foot. The participant was measured and allowed to stand an arm length away from a
wall and use their finger-tips against the wall for balance while attempting to continue full
weight bearing through their dominant foot. The participant stood for 5 seconds while the
calibration measurement was recorded and the calibration procedures followed the manufacturer
recommendations for walking trials on the mat. Calibration measurements were saved for each
participant and used to standardize the data for each individual. A second calibration
measurement was taken to mark the first MTP joint on the dominant foot. The participant started
the two step walking protocol making sure the heel of their dominant foot struck the pressure
mat. The participant was told to pause and balance on their dominant foot while the clinician
placed pressure on the mat at the level of the previously marked first MTP. This calibration
measurement was saved for each participant to standardize the midfoot area of each participant.
Midfoot was operationally defined as the area from the posterior aspect of the heel to the level of

the first MTP joint. This contact area was measured in square centimeters by drawing a box
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surrounding the midfoot. Each participant had a box drawn from the calibration and placed over
the subsequent walking trials for the remainder of the study. The two step walking protocol was
used to capture dynamic plantar pressures as it portrays similar retest reliability to the often used
mid-gait protocol.!®-!!! The two step method requires striking the platform on the second step
and is suggested to reproduce plantar force and pressure information that is meant to be a
reproduction of foot function during gait. Trials were omitted and repeated if the plantar pressure
recording was not properly positioned when striking the mat. Proper positioning was defined as
striking the approximate center of the mat with each trial. Other trials were omitted if the subject
paused on the mat during testing, or the participant did not continue to walk past the mat for
more than two steps. Five trials for the dominant foot were recorded for each participant.'®’
These methods have previously been found to be reliable for assessing force and pressure data
with the MobileMat™.!!2!13 Measures were completed pre- and post-intervention for all three
groups. For each trial, the peak average pressure for the entire measurement was taken and used
as the average contact area for gait cycle during that specific foot strike. Peak average pressure is
a pre-set calculation that the foot mat software calculates for the user. The box from the dynamic
calibration was then placed over each trial and the midfoot contact area was measured.
Intervention

For both groups receiving an intervention, an instructional handout specific to their
intervention was given to the participant to take home. A research assistant explained and taught
the exercises and was available to answer any questions in person and demonstrate exercises as
well as make sure participants were performing the exercises properly throughout the study.

Each participant was also given a log to track how often they performed their exercises.
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Intrinsic muscle strengthening. Participants in the IS group received a protocol focused
on strengthening intrinsic muscles of the foot only. No other interventions were provided in
conjunction with the strengthening program. The strengthening protocol consisted of three
exercises performed once daily five days a week for four weeks. Participants were given the
short foot exercise (SFE), toe yoga (TY) and Vele’s forward lean (VFL). 3%°* These three
exercises are shown to increase muscle activity of the plantar intrinsic muscles, specifically the
abductor hallucis.*7* All exercises were performed in a single leg stance position with the
exception of Vele’s forward lean performed in bilateral stance. SFE and TSE were performed in
single leg standing position for the purpose of increasing muscle activity due to increased
postural demands.'® For standing exercises participants were given instructions to stand next to a
wall or a table top for balance. For the SFE participants were instructed to elevate their MLA,
shorten their feet in an anterior-posterior direction by trying to bring the head of their first
metatarsal toward their heel without flexing the toes. The toes and heel need to remain on the
ground during the exercise.* Participants performed three sets of five repetitions holding each
repetition for 5 seconds. There was a prescribed two minute rest in between each set.*’ For the
TSE participants were instructed to spread their toes outward and raise their heel off the ground
while maintaining spread out toes. The subject then was told to lower their heel maintaining
spread out toes and increasing the MLA. The participant held this position for 5 seconds and then
relaxed.” Participants performed three sets of five repetitions with a two minute rest in between
sets. Participants who performed the VFL were instructed to stand with arms alongside the body
with feet shoulder-width apart. Without lifting their heels from the floor they were told to lean as

far forward as comfortably possible.’* Participants performed three sets of five repetitions
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holding each repetition for five seconds with a two minute rest in between each set. All exercises
were instructed by the research assistant and proper performance was visually verified before the
subject left the testing lab.

Extrinsic muscle strengthening. Participants in the ES group received a protocol
focusing on strengthening of the tibialis posterior muscle. The strengthening protocol consisted
of three exercises performed once daily five days a week for four weeks. The participants were
instructed to perform closed chain resisted foot adduction, unilateral heel raise (heel raise), and
open chain resisted foot supination.”’” These exercises have been shown to have high to moderate
activation of the tibialis posterior muscle.’® The foot adduction and foot supination exercises
were performed using resistance provided by elastic bands (Green Theraband, heavy resistance,
Thera-Band, Hygenic Corporation, Akron, OH). Bands were provided at a length of three feet to
each participant during pre-intervention measurements and exercise education. Each exercise
was performed for three sets of 10 repetitions. For the foot adduction exercise, participants were
seated with their knees maintained at a forearm’s width length apart and knees flexed to 90° with
feet flat on the ground. The elastic band was tied in a loop and placed around the distal aspect of
the foot around the metatarsal heads providing resistance in a lateral direction. The participant
was advised to place the loop of the band around a table leg to provide resistance if they did not
have somebody present to provide resistance for them. From an abducted position, the
participant slid their foot into adduction and then returned to the starting position. The foot
remains flat on the floor for the entire exercise. For foot supination, participants were seated with
knee extended with the elastic band placed around the distal aspect of their foot around the
metatarsal heads. The participant pulled the opposite end of the band toward the shoulder on the

same side of the foot being exercised. The participant was instructed to plantar flex their foot and
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invert against the resistance and then returned to the starting position. The participant was
instructed to complete the full range of motion. Participants who performed the heel raise were
told to stand next to a wall or a table top to provide balance by touching with their fingertips
without providing support. The participant was instructed to raise up on their toes (contralateral
limb not touching the ground, the stance leg, or another object) and return their heel to the

ground. The knee remains in full extension throughout the exercise.*®
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CHAPTER IV: RESULTS

Statistical Analysis

To account for variance in initial measurements for both navicular drop and plantar-
pressure area among participants, change scores were calculated by subtracting the pre-
intervention value from the post-intervention value. To compare the effects of the intervention,
three one-way ANOV As were used to compare change scores for the 3 intervention groups. The
alpha level was set a priori at p<0.05. Tukey HSD post-hoc testing was used to determine
significant differences between groups. Effect sizes were calculated by using Cohen’s d and
categorized as trivial (<0.20), small (0.21 to 0.49), moderate (0.50 to 0.79), and large (> 0.80).!'4
Results

Subjects self-reported 100% compliance with performing their prescribed exercises
during their 4 week intervention period. Participants were instructed to perform exercises 5 days
a week for four weeks. However, when examining subject reported exercise logs there were
slight deviations from this recommendation. Descriptive statistics for navicular drop and plantar-
pressure area are listed in Table 2. A significant difference between groups was found for the
change in navicular drop, F(2, 21)=9.22, p=0.001, but not for the change in plantar pressure area,
F(2,21)=1.05, p=0.37. No significant difference was found between groups for arch height index,
F(2,21)=1.54, p=.238. A one-way ANOVA showed a significant difference within the extrinsic
group pre to post intervention (p=0.001, effect size=1.17, 95% CI=0.11 to 2.23). Table 3. Post
hoc comparisons revealed a significant difference in navicular drop between the extrinsic and
control group (p=0.001, effect size=2.15, 95% CI=0.92 to 3.38) and the extrinsic and intrinsic
group (p=0.03, effect size=1.31, 95% CI=0.23 to 2.39), but no difference between the control

and intrinsic group (p=0.31). Table 4.
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Table 1.

Descriptive Statistics for Demographic Data by Group

Group Males Females Age (years)  Height (cm) Mass(kg)
Extrinsic 4 4 21.88+1.96 1704+5.70  74.9+20.27
Control 3 5 20.88+1.64 176.1+12.93 80.16 + 19.61
Intrinsic 3 5 2038+ 1.19 170.2+9.31 68.95+16.24
Total 10 14 21.04+1.68 172.2+9.74 74.67 +18.56
Table 2.

Descriptive Statistics for Navicular Drop, Arch Height Index and Plantar-Pressure

Extrinsic Control Intrinsic
Navicular Drop Pre 14.88 +4.36 14.38 +4.78 13.13+1.55
(mm) Post 9.50 + 4.84 13.25+4.92 10.50 +2.93
Change 5.38+2.13* 1.13+1.81 2.63 +2.07
Pre 0.358 +0.034 0.349 +.024 0.358 +0.020
AHI Post 0.359 +0.033 0.360 + 0.027 0.358 +0.022
Change 0.001 +0.013 0.011 +0.015 0.000 +0.014
Plantar Pressure Pre 74.81 £ 14.65 82.35+21.55 75.80 £ 22.65
(square cm) Post 72.85+15.13 80.85 £24.55 75.95 £23.00
Change 1.96 +£2.79 1.50 +3.68 0.16 £2.65

*Significant difference from control and intrinsic group

Table 3.

Effect Size for Group Differences Pre to Post Intervention of Navicular Drop

Group Effect Size Std. Error of 95% Confidence Interval
Estimate Lower-Upper
Extrinsic 1.17 0.54 0.11 2.23
Control 0.23 0.50 -0.75 1.22
Intrinsic 0.54 1.12 0.07 2.17
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Table 4.

Effect Size for Between Group Differences Post Intervention

Group Effect Size 95% Confidence Interval
comparison Lower-Upper
Extrinsic v 2.15 0.92 3.38
Control
Extrinsic v 1.31 0.23 2.39
Intrinsic
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CHAPTER V: DISCUSSION AND CONCLUSION
Discussion

The purpose of this study was to investigate and compare the effect of strengthening the
intrinsic versus extrinsic muscles of the foot and how this would affect navicular drop and
plantar pressure area. Specifically, this study attempted to examine how specific exercises
targeted for either the intrinsic or extrinsic muscles affected the support of the MLA. No
previous research has compared both static and dynamic changes of the medial longitudinal arch
post strengthening intervention between intrinsic and extrinsic muscle groups. Several studies
have looked at changes in navicular drop or arch height index, however, no study has examined
plantar pressure changes, specifically, focusing on changes in contact area of the midfoot during
gait. These measurements can potentially provide clinicians with a better understanding at how
the foot dynamically changes with certain exercises. Our study revealed significant changes in
navicular drop following the intervention in individuals who performed extrinsic muscle
strengthening exercises when compared to the control and intrinsic groups. Furthermore, these
results showed large effect sizes.

Several studies have researched the effect of muscle training and/or fatigue on changes in
navicular drop.'*3*7! These studies have looked at navicular drop as a static measurement not
focusing on dynamic changes within the foot post exercise. Kim et al.”! found that SFE produced
a significant decrease in navicular drop when comparing their outcomes to the use of arch
support insoles. Similarly Mulligan et al.** also found a significant decrease in navicular drop
after a four week intervention of SFE. However Kim’s study produced a 3.7mm reduction in
navicular drop over five weeks compared to only 2.2 in Mulligan’s study over an 8 week period.

Headlee et al.!* reversed course in his study using great toe curl exercises to prove that fatiguing
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the intrinsic muscles of the foot would increase navicular drop. His study produced a statistically
significant navicular drop of 1.8mm after a bout of exercise. All of these studies show that the
intrinsic muscles play a role in supporting the MLA. However, in this study it was found that the
TP plays a more significant role in supporting the MLA. The main variables tested in this
research study were navicular drop for static measurements. Dynamic foot postures changes,
specifically contact area of the midfoot, were taken with pressure mapping. Navicular drop has
been researched in the past as a measure of the morphology of medial longitudinal arch.'® Many
researchers used a measurement of greater than 10mm of navicular drop to classify a low arched,
excessively pronated foot.!676:9495

Weak intrinsic muscles have been thought to provide limited support of the MLA which
can cause an increased strain on the plantar aponeurosis.'? This theory was supported by Headlee
et al.'* whose study demonstrated an increased navicular drop brought on by fatigue of the
intrinsic muscles of the foot. We theorized that strengthening these muscles would improve static
foot posture by decreasing intrinsic muscle fatigue. This theory was supported by Mulligan et
al.>® which found that a strengthening protocol aimed at the intrinsic foot muscles produced a
significant reduction in navicular drop. Our study produced no significant results with changes in
navicular drop when compared to strengthening of extrinsic foot muscles or the control group.
While previous research has shown that intrinsic muscles play a role in supporting the medial
longitudinal arch,'#**4 our data suggests they may not be as important to maintaining the
integrity of the MLA.

Given that the prime movers of the foot and ankle have the ability to produce greater
force compared to smaller intrinsic muscles, it is likely these extrinsic muscles can provide

substantial support to the MLA. The TP has several insertions within the foot, with the largest
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being on the navicular tuberosity. The tibialis posterior’s variety of bony attachments lend to its
ability to play an important role in MLA morphology and proper foot function.® Support for this
theory is shown by Kamiya et al.® who found that the tibialis posterior plays an essential role in

maintaining the height of the MLA. Imhauser et al.>

also found that when unloading the tibialis
posterior there is a medial shift in plantar pressures during the gait cycle. The current study
supported these studies with decreases of navicular drop following an exercise intervention
aimed at strengthening the TP. When looking at tendon and ligamentous changes in individuals
with pes planus, there are two common tissues that are stretched. In an over pronated foot, the
talus is displaced medially which stretches the spring ligament and can lengthen the tibialis
posterior tendon.! A lengthened posterior tibialis tendon has decreased capacity to support the
MLA which contributes to sustained pes planus deformity. These tissues changes, accompanied
by pes planus, support the theory of tibialis posterior integrity being important to the structure
and posture of the foot.

Studies continue to look at static measurements of MLA, without taking into
consideration dynamic foot posture changes and if static exercises really cause any change in
MLA morphology during the gait cycle. Fernandez et al.!'> studied plantar pressures and contact
area of individuals with cavus foot and compared them to normal foot posture. Their results
showed that the plantar pressures were significantly reduced in individuals with pes cavus and an
increased pressure was placed on the forefoot. While we looked at plantar pressures of
individuals with pes planus the antithesis can still be theoretically applied. Individuals with pes
planus should have greater contact area, specifically in the medial aspect of the midfoot. Our

study did not produce significant changes in the contact area of the midfoot following either of

the two interventions. Small changes in plantar pressure contact area occurred in both the control
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group and the extrinsic group, however not in the intrinsic group. Regardless, these recorded
changes were not statistically significant. Dynamic changes in the foot may not have occurred
because all exercises performed were in static or open chained positions.

Similar to integrating strength training into functional movement patterns, perhaps
combining commonly used foot muscle strengthening protocols into gait training can produce
dynamic changes in foot morphology. It is important to strengthen muscle groups, but it is also
just as important to make sure the joint or body part is moving in a functional manner. Proper
muscle firing patterns, movement patterns and neuromuscular education are important for
functional movements.

Limitations

This study used a 4 week intervention to investigate the effects of strengthening protocols
on changes in height of the MLA. Six or eight week interventions may produce more significant
results. The main outcome criteria was focusing on the height of the MLA, however force
production or changes in strength were not investigated post intervention. There was no true
measure to verify the exercises strengthened the muscles groups they were targeting.
Conclusions and Future Research

Our results suggest that posterior tibialis strengthening protocols have a greater effect on
MLA support and in decreasing navicular drop during static measurement. While intrinsic
muscles did show improvement in MLA height, our findings did not reveal statistically
significant changes. Furthermore, our results failed to demonstrate any changes in dynamic
plantar pressure following either an extrinsic or intrinsic muscle strengthening protocol. Future
research needs to examine how to support the structural integrity of the MLA during the gait

cycle.
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APPENDIX A: EXERCISE HANDOUT

Below you will find instructions on how to perform the exercises corresponding to the group you
have randomly been assigned to. If you are in group 1 you are to perform the intrinsic foot
muscle protocol. If you are in group two you are to perform the extrinsic foot muscle protocol.
*All exercises performed in a single leg standing position will be performed on your “dominant
leg” this was established in your initial visit with the research investigator. Your “dominant leg”
is the leg you stand on when kicking a ball.

Group 1
Exercise 1: Short foot exercise

In a single leg standing position attempt to bring your big toe to
your heel without curling your toes. You are literally attempting
to shorten your foot to increase the height of the arch of your foot.
You should feel the pressure of your big toe against the floor
increase. Hold each attempt for 5 seconds and then relax. Perform
3 sets of 15 repetitions.

FixFlatFeet.com

Exercise 2: Forward Lean

)" Begin by standing behind a chair with the back of the chair facing you. Stand
. with feet approximately shoulder width apart. Attempt to lean forward as far
). as you comfortably can while keeping your heels on the ground. You may use
the chair to catch you if you lean to far forward, however try to not use the

chair to balance yourself. Hold your lean for 5 seconds and then relax.
Perform 3 sets of 15 repetitions.

In a standing position with feet approximately shoulder
width apart, attempt to lift your big toe while holding your
other four toes on the floor. Next push your big toe into the
floor and attempt to lift your other four toes off the floor
simultaneously. This completes one repetition. Complete 3
sets of 15 repetitions.
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Below you will find instructions on how to perform the exercises corresponding to the group you
have randomly been assigned to. If you are in group 1 you are to perform the intrinsic foot
muscle protocol. If you are in group two you are to perform the extrinsic foot muscle protocol.

Group 2

Tie the green exercises band provided to you in a loop.

Exercise 1: Foot Adduction

In a seated position with your feet flat on the floor
and legs shoulder width apart. Place the band around
the ball of your foot (just before your toes). Place the
other end to a fixed point (example: around a table
leg). Position yourself so the band is pulling your foot
out (away from your body). Make sure the band is at
full tension before you begin your exercise. While
keeping your foot flat on the floor slide your foot so
that you are moving your big toe towards the other
stationary foot. Hold this for 5 seconds and then relax.
Perform 3 sets of 15 repetitions.

Exercise 2: Foot Inversion (supination)

'~ In a seated position place the foot not to be exercises flat on
the floor. Place the foot to be exercised on a chair or stool of
similar height. Keep your leg straight and loop the band
around your foot just below your toes around the ball of your
foot. Pull the band towards the same shoulder as the foot you
are exercising. Push your foot down and inward, bringing
your big toe towards the opposite leg and hold this for 5
seconds. Perform 3 sets of 15 repetitions.
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Exercise 3: Single Leg Heel Raise
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While standing transfer your weight fully to the foot being
exercised with the opposite leg not touching the ground. Stand an
arm length away from a wall so you may use your finger tips to
balance. Raise your heel off the ground so you are on your toes.
Slowly lower your heel back to the ground. Perform 3 sets of 15
repetitions.
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