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Abstract

Title: Pes planus in children: its implications and the influencing factors on its development

Background

Pes planus is one of the most common diagnoses in the pediatric field; flexible flat foot being the
most prevalent. This developmental type of flatfoot is a normal finding in young children, seen
to resolve spontaneously with growth and development and also remain asymptomatic. Despite
this, there is still a large incidence of flat feet in adolescence and many cases of adult flatfeet are
frequently presented as residual pediatric flatfeet. The factors that influence the prevalence of
flatfeet during a child’s development have also the capacity to altering its course and gaining
insight on what they are and their influence aids in diagnosing, treating and preventing flat feet.
Purpose

The aim of this literature review was to enhance knowledge on the persistence of the flat feet
condition in the pediatric population by determining the development of flat feet in children with
an outline of its affect on posture and gait and identifying contributing factors that affect the
incidence and progression of the deformity.

Methodology

An electronic database search was conducted to obtain articles from relevant journals (from early
2012 to mid 2013). Only full text English articles were obtained, with a few exceptions. Further
information was collected from online textbooks and the reference lists of the studies were
checked for further articles.

Results

Many studies found, identified and correlated factors that are significant to flat feet development.
However more studies are required on the differences between symptomatic and asymptomatic
populations with regard to the factors. There was insufficient evidence on the persistence of flat
foot from preadolescence including its prevalence, contributing factors and concepts behind it.

Conclusion
Increasing knowledge of the extrinsic/intrinsic factors influencing flat foot development leads to

insight on the likelihood of having flat feet, its cause, and its possible outcomes in the future.

Keywords
Pediatric, flat feet, maturation, medial longitudinal arch, posture and gait



Abstrakt

Nazev: Pes planus u déti - dasledky a faktory ovliviiujici jeho rozvoj

Pozadi

Plocha noha je jednou z nejcastéjSich diagnoz v pediatrii; prevazuje flexibilni typ ploché nohy.
Tento vyvojovy typ je u malych déti béznym nalezem, ristem a vyvojem spontdnné vymizi a
zustava asymptomaticky. Nehled€ na to je vysoky vyskyt u dospivajicich a také je ¢asto mnoho
ptipadt ploché nohy v dospélosti prezentovano jako pietrvavajici pozustatek z détstvi. Faktory,
které ovliviuji vyskyt ploché nohy béhem vyvoje ditéte, maji také kapacitu na zménu jejiho
prubéhu a pomahaji v diagnostice, 1é¢b¢ a prevenci ploché nohy.

Ukel

Cilem této reSer$ni prace bylo zlepsit znalosti o pfetrvavani podminek vzniku ploché nohy v
détské populace zjisténim vyvoje ploché nohy v détstvi s ndstinem dopadu na drzeni téla a chizi
a identifikaci faktoru, které ptispivaji k vyskytu a progresi deformity.

Metodika

Byla prohledana elektronicka databaze ke ziskani ¢lankd z vhodnych odbornych casopisii (od
zacatku roku 2012 do poloviny roku 2013). Byly vybrany pouze plnotextové ¢lanky, s nékolika
vyjimkami. Dalsi informace byly shromazdény z on-line ucebnic a také byly kontrolovany
citace v pracich za G¢elem ziskani dalsich ¢lankd.

Vysledky

Mnohé studie nalezly, prokéazaly a korelovaly faktory, které jsou vyznamné pro vyvoj ploché
nohy. Jsou vsak potiebné dalsi studie o rozdilech mezi symptomatickou a nesymptomatickou
populaci vzhledem k témto faktorim. Nejsou dostate¢né dikazy o pietrvavani ploché nohy
z détstvi véetné jejiho vyskytu a piispivajicich faktora.

Zavér

Rostouci znalost vnéjsich / vnitinich faktorti, které ovliviiuji rozvoj ploché nohy, vede k nahledu

na pravdépodobnost vzniku ploché nohy, jejich pfi¢in a na mozné dopady v budoucnosti.

Klic¢ova slova
Pediatrické, plocha noha , dospivani, stredni podélna klenba, drzeni téla a chiize
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1 Introduction

1.1 Introduction

Pes planus (otherwise known as flat feet) is one of the most common orthopedic diagnosis in the
pediatric field. It is the presence of a fallen or absent medial longitudinal arch of the foot. The
majorities of flatfooted children have a physiological and flexible form of flat feet and it is for
this reason that this population is the main targeted one in this review. This developmental type
of flatfoot is a normal finding in young children, seen to resolve spontaneously with growth and
development and also remain asymptomatic, as it is a part of the natural pattern of development
and is a reflection of the combination of CNS maturation, musculoskeletal maturation and
growth. Despite that, it still remains as one of the highest reasons for parents to visit their

physicians’ with their children to seek intervention with worry about their maturation.

There are many factors that influence the prevalence of flatfeet during a child’s developmental
period and have the capacity to altering its course. These factors consist of intrinsic features such
as genetics and extrinsic such as types of footwear. None of these factors are independent of each
other as they all could affect one another. There is no lack in studies of factors correlating with
flatfeet and of issues that affect its physiological development. The main motivation of this
review is to increase knowledge of those factors, however with an insight to its possible

connection on the development and progression of the deformity into adulthood.

Even though it has been clearly proven that the natural developmental pattern of flexible flatfeet
comes decreasing with age, many cases of adult flatfeet are frequently presented as residual
pediatric flatfeet. A purpose of seeking the answer as to why this relation exists in large numbers
is one of the goals of this literature review. Since these influential factors are constantly
impacting the foot posture, even after the developmental period has ceased, gaining insight into
what they are and how large their impact is on the incidence can provide a good basis for
investigations on which factors are most critical, which could be modified to play a major role in
preventing the progression of flatfoot and which could aid in diagnosis and management of

flatfeet in children.



To learn the extent of how much flatfeet affects the posture, gait and development of children is
another aim of this review and information on these relations, their inter-related parts and their
implications will be provided and discussed as it will lead to a better understanding of its clinical
important in the pediatric population.

The intention of this review is to gather and provide information on; ‘the development and
maturation of the foot in children and aspects from that which are related to the presence of flat
feet, “the most important biomechanical aspects of the medial longitudinal arch and the
implications of the foot on posture and walking, the prevalence, classification, method of
diagnoses and treatment of pediatric flat feet to enhance knowledge on the condition and locate
gaps, and *provide a review of the various factors influencing the development in the available
literature. Following the evaluation of the literature of all the aspects of the pediatric condition is
the discussion, where the main results will be presented and interpreted with the key highlights
and finally a summary of the findings will be provided at the end of the review in hopes to

conclude some efforts that could be made in management and prevention of acquired flatfoot.

Note that although the topic of the diagnosis and treatment of flat foot is beyond the true scope of
this paper, some issues of it are necessary for its connection to the other areas of the review and

will be included to provide a clearer understanding.



1.2 Methodology

Design — The design of the dissertation is non-experimental and will be a ‘review of literature’.

Search

The targeted population of the search was the pediatric population (no specific age group), with a
few exceptions, and populations with normal developing or with flexible flat foot, also with a
few exceptions. Journal articles and scientific literature from electronic databases, through
‘PubMed’, was the main source of literature with a language restriction to English only. No date
restriction was placed, unless more valuable newer studies provided the same information, then
the older ones were discarded. Also some information, of anatomical or biomechanical origin,
was attained from online books.

A total of 122 sources were cited in the literature review of all study types. 20-35 articles
provided information on flatfoot related to gait and posture dynamics, 30-35 provided
information on factors influencing flatfeet, 30-35 articles were used regarding the diagnosis and
treatment of flatfeet and 15 and more articles that describe the development in children.

The collection of articles was in the period from 2012 — August 2013.

Search strategy — search terms and phrases used included ‘pes planus in children’, ‘flat foot in
children’, ‘pediatric flatfoot’, ‘factors of flatfoot’, ‘correlating factors in flatfoot’, ‘effect of flat
foot on..” and ‘influence of flatfoot on..’, ‘developmental flat foot’, ‘arch maturation’, amongst
similar others.

Limitations — limitation may be from the evidence available that is appropriate or related to the
purpose of the review. Also, many suitable articles found were not accessible nor in English.

Articles/Results

Inclusion criteria — Articles that include subjects with bilateral flatfoot in children. For evidence-
based clinical trials, clinical practice guidelines, and systematic reviews: articles that are no older
than 15 years. Related material with theories about the flatfoot condition. Articles that were in
English and with full text availability. Articles that relate to the topics of interest, for the
pediatric flat foot population. Articles of all study types were included to allow all the concepts
bordering the topic to be evaluated.

Exclusion criteria - Most articles with only abstracts or limited access were excluded, with very

few exceptions of 2-4 articles only. Also articles about rigid flatfeet or flatfeet caused by



pathological disorders were excluded along with articles on treatment of them. Majority of
articles that provided information regarding adult flatfeet only, with a few exceptions, were

excluded. Case study reports were mostly excluded with the exception of 1-2.

Topics of interest — As mentioned above relied mostly on factors influencing the flatfoot in
developing children and topics that revolved around the impact of flatfeet on posture and gait
and its implications. Also articles about the diagnosis, treatment, classification of flat feet, its

development and prevalence.

Evaluating the evidence

With the above search strategy and target, articles were firstly assessed by their titles and
abstracts and if found relevant, were included. Full text articles were then accessed when
available and excluded when not (if the abstracts did not provide sufficient or significant
information). Materials and studies were classified on their quality according to their methods of
analysis and type of design (highest being randomized clinical trials, systematic reviews and
clinical practice guidelines and lowest being case reports) and all study types were reviewed but
more attention on results was focused on the high quality articles. Reference lists from the
articles were also evaluated to search for further relevant articles. The information that the article

provided was in more concern than the specific methodology of the studies.



2 Literature review

The results of my methodology have been arranged in an order found most suitable regarding the
content of the literature collected. The framework of my literature review will include firstly
descriptions of childhood physiological development with an emphasis on the lower extremities
and include areas of anatomy of the foot and ankle complex and the normal/physiological foot

arch development, which all create a theme of a more ‘static’ part of the thesis.

The framework then shifts to more ‘dynamic’ aspects and involves a biomechanical overview
with an emphasis on the medial longitudinal arch and then the foot in dynamic functions within
the content of gait (primarily in children). An important chapter to close the second part of the
review is regarding the implications of flat feet in posture and gait along with the effect of its

posture on the biomechanics of the lower extremities and proximal areas.

The third and final part is on the generalized subject of flat foot in children, its etiology,
characteristics and prevalence. Being that there are several different types of flat feet that exist,
those are highlighted also, along with their methods of diagnosis and treatment with up to date
literature. The latter will then be an interpretation and review of the literature collected related to
the factors that influence flat foot development by increasing or decreasing its incidence and
likelihood. At the end of each chapter a short conclusion or summary will be provided regarding

the most significant findings and important areas throughout this review.

Finally, a short discussion of the results and a conclusion summarizes the main and most

significant findings.



2.1 Child Growth and Development

Human development is a continuous synchronized process of growth and development (1). In
especially pediatric care, there’s a great importance to know the phases of development a human
undergoes. Knowledge of these phases allows early detection of any delays that may require
intervention (2). Early therapy has proven to promote physiological movement patterns before

the process becomes more adapted and difficult (2).

Development is defined as a maturational change; that goes from a lower stage of complexity to
a higher one. Growth, being also maturational, is the process of a change in size and volume
(usually an increase rather than a decrease) (1). Both of these processes are affected by many
factors such as hormones, genetics and force, and the amount and timing of these factors are
crucial to the formation of body parts (1). The importance of this influence will be discussed
later in relation to the many associated factors that can affect the development of the foot

complex.

A normally developing child reaches motor milestones at certain ages. These milestones are
necessary to know if there’s an aim to differentiate an abnormal development from a normal one.
A milestone disturbance may indicate a wide spectrum of problems (2). The sequence of gross
motor development progresses in a cephalo-caudal direction whereas on the other hand, fine
motor development progresses in a proximo-distal direction (3). In this view, the foot is always
the most distal point of both these progressions where achieving bipedal stance and locomotion

is towards the end stage of the main motor milestones.

Blasco (4), highlights 5 main areas in the assessment of motor development, and these include:
the motor milestones, 2 a neurological examination, ® primitive reflexes and postural reaction
patterns (which should gradually be absent to allow more voluntary movements) (3), ¥ the
change in functional and neurological status, in relation to time, and ° other evidence on

supporting pathology that exists.

Table 1 in Appendix Il outlines the gross developmental findings (2). Infants are thought to
acquire sitting with support at 6 months, crawling around 9 months, walking with support at 1
year and without support at 15 months (5). For each milestone, there’s a range of ages for the

motor ability to be met, especially for the age of onset of walking, where it can be as early as 11



months to as late as 15 months where both are considered as normal (2). This milestone has a
significant importance to the development of the foot arches. The longitudinal arch starts
developing as soon as the foot becomes loaded in bipedal stance and gait, however the speed of

this development varies a lot (6, 7).



2.1.1 Anatomy and Development of the Foot-Ankle Complex
For the relevance to this review and ease of following, only anatomy that is relevant to the

medial longitudinal arch (MLA) and its changes will be reviewed.

The foot has a quite complicated structure compared to other regions of the body (see Appendix |
- Figure 1). It is comprised of 26 bones and over 100 of joints, ligaments and muscles working
together (8). Their complex structure allows for their ability to mold onto different types of
terrain and to withstand the great forces put upon them, despite their size. Depending on the

situation, the foot can act rigid (for support), or flexible (like as in walking on sand) (9).

The foot has 2 surfaces; the dorsal and plantar surfaces. It’s made up of 3 major functional parts;
the forefoot (which is made up of the phalanges and metatarsals), the midfoot (which refers to 5
bones that fit together in 2 rows), and the hindfoot (which is made up of 2 large bones, the
calcaneus and the talus) (8). In Appendix I - Figure 2, the foot axes and motions are shown.

The talus is the bone that connects the foot to the lower leg via its articulation to the distal tibia
and fibula (talocrural joint), therefore it is referred to as the ankle joint. The ankle transfers load

from the lower extremity (LE) to the foot (9) and carries the load.

The foot must bear combined forces that reach more than 50% of the individual’s body weight.
In a normal weight distribution of the foot, the body’s weight is in fact distributed over 3 points
mainly. These points form a triangle and they are the heel, and under the heads of the I. and V.
metatarsals (MT’s) (8, 10). There are 2 arches between these points; the medial longitudinal arch
and the lateral longitudinal arch and they’re at right angles to the third transverse arch. The
arches are maintained by; the ligaments (and the tendons of some muscles), *the shape of the

bones, and *the muscle activity from supporting extrinsic and intrinsic muscles (11).

0] Longitudinal arches:
A: Medial longitudinal arch (MLA) — this arch is most clinically significant out of
the rest as its height is the main characteristic that presents the variability of FF (12,
13). It forms the medial border of the foot and connects from the calcaneus through to
the talus, navicular, the 3 cuneiforms and goes anteriorly to the first 3 MT’s. The
arch’s key point, which is its most upper part, is the talus as it receives the weight of
the body (10).



B: Lateral longitudinal arch (LLA) — this arch is slightly elevated and only allows
a limited movement (14). It’s composed of the calcaneus, cuboid bone and the IV-V
metatarsals. It is supported by the long plantar and the calcaneocuboid ligaments,
extensor tendons and the intrinsic muscles of the small toe (11, 10). The LLA’s active

support comes from the muscle actions peroneus longus (10).

(i) Transverse arches: are made up of series of arches between the posterior part of the
metatarsus and the anterior part of the tarsus and have a shape of a half dome.
The best advantage of the transverse arches can be seen in the region of the cuneiform
bones (10). The transverse arches are strengthened by the interosseous, plantar and
dorsal ligaments, intrinsic muscles that support the longitudinal arch also and the
tendon of the peroneus longus. (11)

Because of its many compartments, the MLA is very elastic and strong. It is also higher and
firmer than the LLA (14). The weakest part of the arch is the joint between the talus and
navicular, which is supported by a strong spring ligament called calcaneonavicular ligament
(11). This ligament provides medial support of the MLA and also prevents medial/plantar
displacement of the talar head (9, 10). The main passive support structures of the foot can be
seen in Appendix | — Figure 4 (10). The active support structures of the arch, being the muscles

of the foot and lower limb will be mentioned in the later chapter of this review.

A normally aligned foot is defined when the height of the MLA is in a normal range with the
foot in neutral position. Based on the structure of the MLA, 3 types of foot have been suggested
— ! normally aligned foot, * a low arched or pronated foot (pes planus), or * a high-arched or

supinated foot (pes cavus) (13).

A pronated foot is defined when the calcaneus is in everted position (valgus position of the heel)
and the arch is low or flat, and a supinated foot is defined as the foot with an inverted calcaneus
and a high arch (see Appendix | — Figure 5) (10). A supinated foot is more rigid whilst a pronated
foot is more flexible allowing more load absorption via the muscles of the feet. The midfoot is
usually the area of highest plantar pressure in pronated feet (6, 7, 15, 16, 17).



The first manifestation of foot development can already be seen in the 4™ week of gestation
where eventually the foot turns to extreme inversion position until about week 16 (6). A torsion
of the talus and calcaneus encourages the feet to be everted and gradually turns the feet to a more
neutral position by 28 weeks (1). There’s a common forefoot varus of upto 5° until the age of 2
years (this decreases with rotational changes of the talus which is moreover caused by rotational
changes in the tibia). The calcaneus is also in varus position of 22° in relation to the tibia, and
this continues to a valgus rotation until it reaches a relative perpendicular position by maturity.
This eventually counterbalances the normal external rotation (ER) of the tibia (1, 18).

The foot of a newborn is quite elastic and flexible. There’s a high range of motion (ROM) of
dorsiflexion (DF) and forefoot adduction (ADD) (more than plantarflexion and forefoot
abduction). The MT’s are also in adduction, but this decreases with age. The arches are also
present but less visible as they are covered by thick fat pads at the plantar surface of the feet (1).
The fat pads protect the feet from overloading by distributing the pressure across the surface of
the foot more evenly (6). This is an important protection as there’s a lack of normal muscle
strength and ligament tightness at the onset of walking to maintain the arch. Infants and toddlers,
therefore, present with physiological flat feet before and after starting to walk (19). The term pes
planovalgus is given for this because at initial stance of a toddler, the weight falls medially to the
hallux and causes pronation of the foot, flattening it, placing the heel in a valgus position (1, 19).
This pronation gradually improves with the development of the arch. From 2 years of age, the

out-toeing is minimal and the arch can more or less be maintained (1).

In the prenatal development, the lower limb undergoes a lot of rotational and torsional changes
that are a part of the developmental pattern (1). These changes are most of the time
physiological, however a correct diagnosis is important to exclude a pathology if these changes
persist for longer than normal (19). The rotations that exist from birth appear to be from the
intrauterine molding, as in the utero, the hips are in flexion with ER and the feet are in IR

position. This gives the ER position of the hip and IR of the tibia pattern at birth (20).

As there’s an indirect relationship between the position of the hip and the position of the knee,
knowledge of what positional variations the proximal joints go through, is necessary to connect

their influence on the foot’s position. In the context of axial/angular deformities, an infant or

10



child can present with either genu valga (knock-knees) or genu vara (bow-legs). Until up to 3
years, because of rotational changes at the hip and knee joints (1), where the hip tries to equalize
by externally rotating, children present with physiological genu vara (19, 20). Therefore children
often look bowlegged at the time they begin to walk (21). Reported norms for this ER range from
25-65° (in both females and males) (20). However, after the age of 3-4 years, they frequently
develop genu valga, which spontaneously corrects itself by the age of 7 years (19). This change
may be a cause of the widening of the pelvis with growth of the child (21). The correction of
genu valgum and development of the medial longitudinal arch usually occur around the same
period of time, from 5-6 years of age (15). A sign of a possible underlying disorder can be seen
in persistence of genu valgum after the age of 7 but even a decrease of genu valgum before 6-7

years of age can be also recognized as a pathology (19).

The tibial shaft has an IR of 5° at birth which increases to about 23-25° of ER by early childhood,
therefore a persistent IR can be due to a functional failure (1, 22). The IR rotation of tibia has a
direct effect on the position of the feet so this gradual increase in ER with maturity causes a
decrease in valgosity of the hindfoot which aids in elevating the medial longitudinal arch (MLA)
(20). A normal developmental pattern of rotational deformities in children is; ‘out-toeing
position of the feet in infants, which progresses to Zin-toeing position in toddlers (from the
internal tibial torsion and/or metatarsus adductus and from the change of the hip position from
ER to IR), which then progresses to an ®IR of the femur in young children (21, 23). When the IR
is present more at the hip joint, femoral anteversion is increased, and it becomes the main cause
of in-toeing gait in early childhood (19). This femoral anteversion peaks at the age of 4-6 years
but then gradually disappears (21, 20). With an increased hip IR, the most common
compensation and adaptation in a child is ER of the tibia and pronation of the feet (1). This point
marks the importance of knowledge of the whole spectrum of physiological changes in the lower

limbs of children when it comes to diagnosing disorders in the pediatric care.

All these developmental changes of the lower limb show a large variation within small time
frames. There is a large inter-individual variability between infant’s feet because of this, and it
makes it hard to distinguish normal from abnormal (24). However, it’s essential to keep in mind

that many of these changes are physiological and don’t need special care or treatment which are
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many times being given unnecessarily. A high number of special shoes and foot orthotics are
being prescribed to children with rotational deformities, even though these deformities are not
caused by foot problems and just merely by normal developmental changes occurring in the joint
kinematics (19). Also, a child younger than the age of 3, go through rapid growth changes that
result in many findings that may seem abnormal, especially when comparing them to adult-like
patterns, therefore characteristics of the development are more significant as the child grows
(21). The child below the age of 3 presenting with flat feet is almost meaningless, unless of a
rigid type, because of the presence of the fat pad, lack of ligamental tightness, muscle strength
and walking experience. However as the child grows, the presence of flat feet can be a sign of a
delay in development or a deformity and becomes more of a concern that may need further

evaluation (14).
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2.1.2 Growth of the Foot

The length of the lower limbs can commonly be slightly asymmetric. A leg-length discrepancy in
a growing child of 2 cm is the acceptable limit (19).

The length of the foot at birth is an average of 7-10cm. Half of the adult foot length is reached by
first year after birth (6). This contrasts from the fact that the femur and tibia don’t reach their
mature length until few years after that, therefore the large foot size is vital as to providing a
good base for support which can also compensate for lack of balance and control (9). The
average width of the foot is half of its length at birth and a third of its length in an adult (1).

From the age of 5 until puberty, the length of the foot increases about 0.9cm/year (7, 9). In
several studies on the development of the foot morphology or prevalence of FF in children, (6,
12, 25, 26, 27) it’s been shown that girls’ development of the feet occurs earlier than in boys and
that boys’ feet grow for a longer period of time. By age 10, girls’ would have reached 90% of
their whole foot length, whilst boys would’ve reached just about 82% (1).

Another important aspect on growth of the foot is the ossification of the bones. Final ossification
of the ankle-foot complex is prolonged, leaving it more time for growth or deformity. The
growth centers don’t completely fuse until late puberty which means that a relative amount of
correction is always possible (1). The partially ossified centers are connected by soft tissue (16).
Ossification of the cuneiforms and navicular occur from 4 months to upto 5 years of age. The
head of the talus develops during the first 2 years, and the sinus tarsi develops at 4 years. From 4
years of age, the secondary ossification centers begin to develop until complete fusion in
adolescence (1).

There is a possible strong relation between the incomplete ossification and the presence of flat
feet in children. Although there’s a physiological gradual development of the ossification of the
bony structures in the foot, development of the arch with a resorption of the fat pads (10) and
central nervous system (CNS) maturity, all interconnected, with the normal biological range of
loading, there’s at the same time a high risk for the feet of children to have a more permanent
deformity. In the case of abnormal loading or alteration of the amount of force (from activity,
weight of the child and so on), duration and direction of the force may negatively affect the
growth. An example of this can be seen by the creep phenomenon caused by a high constant load

over ligaments that can cause them to overstretch (1, 28).
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As previously stated, many factors can influence the formation of any body part during growth
and development. Mechanical forces, specifically, have a large influence on the musculoskeletal
system. Since the foot is the most distal point of the (lower) Kkinetic chain, it makes it very
susceptible to changes at all stages of development especially when being loaded in the erect
position; it is most vulnerable, as it carries the entire body weight (1). It is logical to postulate
that excess mass or excess load can cause an effect on the foot structure and peak pressures in the
foot, whether or not the feet are flat or if it is in an adult or a child but it is important to highlight
that in children, there’s still an incomplete fusion of the small bones of the feet leaving it more
vulnerable to deformity and/or injury which can affect its growth and development. This brings
about a conclusion of some reports that have suggested that premature weight-bearing

predisposes children to flexible pes planovalgus (1).

These connections can emphasize the importance of the foot posture and how it can be affected
by positions of different body parts and vice versa. To summarize, postnatal deformities may be
caused by abnormal load. Also, congenital deformities or positions of proximal joints can change
the loading patterns on the feet, consequently resulting in compensatory positions. The most

common compensation for these deformities is abnormal pronation.
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2.1.3 Maturation of the Arch

It is stated that FF is a physiological phenomenon that is corrected with age without the
necessary need of treatments, as it is part of the CNS and musculoskeletal maturation (29). The
longitudinal arches are formed as an adaptation to resist load (16). The MLA is therefore a vital
part of foot biomechanics and any change in its height or volume (a significant increase or
decrease) from the ‘norm’ can cause changes in muscle balance, gait, and alignment of joints
(17). Unlike the physiological aspect of a low arch, a high arch is not so common in children and
normally represents pathology (usually of a neuromuscular disease) and requires further attention
@an.

Many different authors have stated different time periods in where the arch maturation occurs in
the developing child. The primary developmental stage is in the preschool period (25). It’s also
been postulated that the maturation is ongoing from the ages 3-10 years and more, with a peak of
a critical stage of development before 6 years (30, 31). Besides the differences present on the
period of arch maturation, there is one attribute which seems to be present in the majority of the
studies and that is the age — the youngest groups of any study always have the highest number of
FF present (no matter what the age groups measured are) and that the prevalence of FF decreases
with increasing age (12, 24, 25, 26, 27, 29, 30, 31, 32, 33, 34, 35, 36). The youngest groups also
always have a more rapid development (that starts when the milestone of bipedal stance and gait
is reached), where a lot of changes are seen, whereas after 3 years of age until puberty, there is a

slower maturation.

The studies that investigate development of the foot in childhood always begin with the time of
onset of walking because this is the time where the development of the arch is said to begin. The
studies for the changes that occur in toddlers between the ages 1-3 years are also normally

longitudinal designs to allow better data collection on development and growth (7).

A study that calculated arch volume indexes in children, used a ratio of the difference in volume
of the foot between sitting (non-WB position that represents the bony structure of the foot) and
one leg standing (full WB that represents the soft tissues and the bony structures) to the volume
when in sitting (37). The results showed that the volume index increases gradually with age, also
concluding that the arch becomes more and more rigid with age. There were significant

differences in ages 3-4 years in the arch volumes, showing the development at its peak rate
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during the first 2 years of walking. There weren’t any significant differences in ages 4-5 years,
which is in accordance with another study that showed the development of the foot arch function
using Contact Force Ratio’s (15). The results can be similar at those ages because of a possible
temporary paused development, as it is the age where woven bone that’s formed in the fetal
period (which is more flexible) is converting to lamellar bone which hardens at 4 years of age
(37). However in another research, significant differences are found between 4-5 years of age in

the MLA but this may be due to different evaluation methods used in the studies (17).

A study examining the changes of foot function in the first 5 months after the onset of walking
recruited 10 toddlers at 1, 2, 3, 4, 6, 8, 10, 12, 16 and 20 weeks after their onset of independent
walking (16). This period of development was chosen, to be able to detect the first and rapid
changes that occur and in this way, aid results of other studies. Variability is very large in young
toddlers. In a similar investigation (38), done on children in the first 2 months of independent
walking, 3 different foot contact patterns were seen and described after analyses of pressure
patterns. The contacts were; initial forefoot contact (toe walking), *flat foot contact, and ®initial
heel contact (heel strike). Both studies used pedobarographic data and both also made a
comparison to stereotypic pressure distribution patterns of adult walking. The results were also in
agreement, and showed that at the beginning (first 2 weeks of independent walking), the majority
of foot strikes consisted of initial forefoot and flat foot contacts. After 2 weeks, the toe walking
was rare in comparison with the rest and with increasing experience; incidence of a more mature
initial heel contact was also increasing (38). The toddlers however tried to keep their FF contact
for as long as possible and this suggests that it’s mostly to keep their balance and that the gait is
still immature after 5 months of independent walking with no consistent patterns evolving. Even
though the majority of the toddlers recruited for the studies showed similar results, it’s hard to
draw general conclusions because the sizes of the samples were very low (consisted of 7-10

children in each study from one population).

In contrast to the results of the previous studies, a longitudinal study on the first year of
independent walking showed more developmental features (7). 42 children were recruited (from
a German population) at the average age of 14.8 months (the average age for onset of walking is
at 13.5 months) and data was collected every 3 months for 1 year. Parameters such as contact

area, peak pressures, and maximum force were collected using pressure platforms. The foot was
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also subdivided into 5 functional regions (hindfoot, midfoot, forefoot, big toe and lateral toes).
Results showed that the foot regions didn’t present the same changes at the same time and that
the midfoot region was developing in the opposite way; there was an increase in all parameters in
all the regions except in midfoot and lateral toes where there was a decrease in the parameters.
This may reflect on the arch development changing the loading and pressure patterns of the foot
along with absorption of the medial fat pad or remodeling of the bones in the hindfoot, which is
caused by higher muscle activity and loading changes upon the foot (7). The gait was also seen
to be more dynamic by 1 year of independent walking from an increase of the total max. force
(from 95% to 115%), and this decreased by 5% under the midfoot. The two main developmental
features observed during this study was that, Ythere was an increase of indentation in the medial
side of the foot, and ?an improvement of gait cycle with more physiological roll-over. The
comparison of the results’ of the studies of toddlers between 1-5 months after the onset of
walking and the longitudinal study that carried on to upto 1 year, showed a lot of differences for
the span of only 5 extra months of investigation as more developmental findings were observed.
This supports the evidence that there is a rapid development between 3 months until 1 year after

walking, and a slower phase up to 8 years (16).

The improvement of the gait cycle and a more dynamic roll-over process is seen when there is an
increased loading of the foot regions, except the midfoot. This conclusion was also the same of
another German longitudinal study of 90 children, recruited at the mean age of 15 months (6).
The average age in the last appointments was 63 months (around 5 years old). The results here
also showed a decrease in the midfoot parameters — the midfoot contact area decreased about
34% from the first to the last appointment and the largest decrease was in the first years (also
agreeing with the rapid development present in younger ages). The midfoot peak pressure also
decreased by approx. 9% per year, reflecting the foot morphology changes. The modification of
the fat pad and development of initial heel contact are reasons for these peak pressure changes as
during the development, the fat pad shifts towards the heel and forefoot as it resolves, decreasing

the contact area under the midfoot region consequently (6, 7).

One other German longitudinal investigation of the development of FF in healthy children
showed interesting results (24). This investigation was carried over 9 years. It consisted of 36

children with an average age of 14.6 months from the initial appointment. There were 17
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measurements of dynamic parameters taken in total. The most significant results showed that in
the first 3 months, peak pressures were highest under the hallux and with an increasing age, the
midfoot contact area and peak pressures decreased (from 30% to 18%). The hindfoot peak
pressures were increasing with age but towards the end it was also high in the forefoot. The
midfoot parameters, likewise in the previously mentioned studies, all gradually decreased with
age, however there was a large range of the width of the midfoot and arch index showing a great
deal of inter-individual differences. All these different shifts of peak pressures over the different
foot regions indicate the changes of the fat pad, increase of dynamic gait and foot morphology.
However, still in comparison to adults, even after 9 years the development is still incomplete but
the maximum force and contact area values barely change after 4.5 years. In this study and the
previous German study (7), the age at walking onset didn’t affect the development of the arch,
especially as soon as the child reached the upright position.

An important finding between the previous studies mentioned was the load transfer shift that was
often seen in this period, from the midfoot to the forefoot. This forward load shift may be due to
the large instability present, because it is also seen in diseases such as Parkinson’s or in elderly.
Higher contact area on the forefoot allows higher muscle activity and this can compensate for the
stiffer regions of the foot. From that it can be concluded that flat foot and forefoot contact at this
age is more of a strategy than immaturity (16, 24, 38). In the already mentioned German study of
90 children, this forward shift was seen occurring up to 1 year after the onset of walking and
after that, a load shift to the heel was present approximately after 18 months of walking (children
who are approx. 33 months old at that time) (6).

Because of the rapid foot growth from the ages of 1-5 years of age (6), and the resorption of the
fat pad that occurs approximately after the age of 3 — the MLA becomes more visible and easier
to evaluate on the course of its development, many more studies have followed the development
of the arch and foot from ages 3 and above. The results of most investigations are more or less
very similar to concluding that the most critical age of development is before 6 years of age as
the age groups between 4-5 and 5-6 normally show the highest changes (17, 29, 31). Statistics
showed that the 3 year olds have about 5 more times the risk of having FF than 6 year olds which

high lights again that the critical age of development being before 6 years of age (31).
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There is an increase of external factors playing a role on the development of feet after the age of
3, as the children begin their pre-school period and engaging in more activities with the
surrounding environment and for that the majority of the studies always evaluate the possible
influence of these factors on the foot development. Since the foot and MLA continue to develop
linearly with increasing age, many studies try to evaluate these changes over higher age groups

to identify when the arch development starts and when it approximately ends (17).

In a study aimed to characterize and objectify the MLA in Brazilian school kids aged 3-10, it
was seen that highest changes in foot formation were seen between ages 4 and 5, but yet also in
the age groups 7-8 and 9, however more subtly. Therefore, arch maturation continues past 6
years but at a slower velocity and doesn’t stop at 10 years (17). This contradicts some authors’

statements that the arch maturation/development occurs up to the first decade of life.

In a more long-term view, a cross sectional study in China aimed their investigation between
ages 4 and 18 years (15). The study included dynamic footprints of 2715 Chinese children. The
measure used in this study was a new parameter, the contact force ratio (CFR) which is the ratio
of midfoot loading to the total loading of the contacted foot (with toes ignored), therefore the
higher the value, the lower the arch (15). This ratio gives more information about the arch
function rather than its appearance as with some previous studies that evaluated prevalence from
static measures only. Merged CFR values of girls and boys were similar in the younger ages
(high values), and then decreased 6-10 years of age and plateaued. This pattern of the
development is similar to the one seen from the results of the previous Brazilian study. However,
from the CFR results, there was an increase in the values again after 12 years of age until 16
years of age before it plateaued again which showed an increase of fallen arches in this age
period. This shows a continual change in adulthood which is important to take note of; even after
the foot-arch development has matured it is never fully stable and still vulnerable to flat-
footedness in adolescence. However, it must be also kept in mind that the study described used a
Chinese population only, whom are generally expected to have the appearance of FF more
commonly than some other populations because of the general laxity genetically present in the
majority of their population (Cheng et al 1991) (15). In agreement though, more studies showed
similar findings and changes exceeding 10 years of age, in different populations i.e. the

Mediterranean populations (27) and a European one (12).
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Therefore a general conclusion can be drawn that truly there is a critical age for the arch
maturation before 6 years of age, but there’s an ongoing development of foot structures over a
wide range of ages and ongoing influence from external and internal factors on the foot (27). So
it should be no surprise that changes are still being seen after 6 years of age and that ongoing
influence from certain external factors may affect the resolution of physiological flat feet and
allow the deformity to continue into adulthood. It is important to note that the arch maturation
itself, doesn’t depend only on the maturity of the musculoskeletal system, but appears to be due
to the interaction of many systems that affect the foot complex and allow it to maintain the arch
through some compensatory mechanisms. In an experiment done in Poland on posture control
development, children aged 2-7 years old were tested for their COP variability in quiet standing
(39). These results, along with the measure of COP repeatability, reflected their postural control
development. The repeatability began to increase at age 5, and at 7 it reached its peak, in both
feet. It was also noted that there were higher repeatability results in one foot over the other which
suggested a leg dominance being established, by 6 years of age (39). This can suggest an indirect
effect on arch maturation; as the CNS improves and matures with age, it results in a better
muscle and balance control, which in turn allows for better postural control in standing (as there
is a higher control over the lower extremities) and better positioning of the foot complex which
allows it to maintain and develop the arches under physiological conditions (27). With also the
ongoing growth and ossification of the bony structures of the foot, and the gradual ER of the
tibia from its IR position, all these systems play a part in better stabilization of the arch and
elevating it during weight-bearing (WB) (27). If the vice versa would occur, as in having a
disorder than delays CNS maturity or affects the rate of growth or muscle control, a delay in the

arch maturation is likely to occur.
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2.2 The Foot in Posture and Gait

2.2.1 Arch Biomechanical Overview

The lower limbs require normal alignment and stability to function optimally, specifically the
foot and ankle as they are the terminal joints of the limb, connecting it to the ground and carrying
the body weight (40). The three major and most important biomechanical functions in bipedal
gait that are brought by the foot are * accommodation of irregularities of the ground surface and
maintaining balance, ? shock absorption and weight support, * generating forward propulsion,
and * proprioception (large amount of proprioceptors in the sole of the foot) (41). The bones of
the feet are mainly responsible for the flexibility of the foot function but on the other hand, the
arches support the weight of the human body. The arches of the feet are essential to all of the

above functions in gait (14).

The key point of the arch, as its most upper part is the talus bone. It connects the foot to the
lower leg via its articulation to the distal tibia and fibula (talocrural joint) and has a precise
position as it has no muscular attachments, therefore its stability depends on the ligaments
surrounding it and the extrinsic and intrinsic muscles (8, 40). The talocalcaneo-navicular joint,
comparable to the hip joint, is a ball-and-socket joint (40). The head of the talus lies against a
concave surface where the navicular facet is anterior to it, the anterior part of the calcaneum is in
the middle and the sustentaculum tali supporting it inferiorly and posteriorly, with ligaments
bounding them together laterally and below (40). Distally from this socket, lie the medial and
lateral columns of the foot (the medial being the 3 cuneiforms, first 3 MT’s and the toes and
lateral being the calcaneum, cuboid and 2 lateral MT’s) (40). When the division of load between
the two columns is imbalanced because of a dysfunction at the subtalar joint, a deformity is
caused as it occurs in FF (40). Therefore, it is important for the subtalar joint to be in neutral
position. The subtalar joint neutral position was defined before as the position where the
longitudinal midlines of the leg and heel are parallel however Root et al. defined this position as
neither in pronation nor supination, and developed a technique of measuring it to support his
theory (42). According to his theory, the calcaneum inverts with supination twice as much as it
everts with pronation, therefore by calculating the total ROM at the ankle and dividing it into 3,
the subtalar neutral position is defined as the end of the first sector moving from eversion to

inversion (42).
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As the largest arch of the foot, the MLA is the most essential for proper biomechanics of the foot
(17). In a model that describes the MLA, the ‘Truss model’ (see Appendix | — Figure 3), it is
presented as an arch that is triangular with 2 struts connected by a tie rod as the base (9). The tie
rod represents that plantar fascia. The struts are under compressive forces whilst the plantar
fascia is under tension. The plantar fascia is the most important passive structure of the arch as it
provides it with the highest support. It’s responsible for a mechanism called the ‘windlass effect’
because of its connection to the calcaneus and the MT plantar plates — with DF of the toes, a
traction is placed on the plantar fascia causing an elevation of the arch (9).

The arch is moreover supported by its active components, the extrinsic and extrinsic muscles. In
dynamic conditions of weight-bearing (WB), the muscles are essential to maintain the MLA.
Muscles that are more directly related to the stability of the MLA are; the tibialis posterior and
tibialis anterior, the flexor hallucis longus and flexor digitorum longus which give support
medially (10). An EMG study on these muscle groups has shown that a decreased activation of
these extensor muscles are in fact related to the severity of FF of the children included in the
study, emphasizing their importance of their function towards the MLA (43). In another
experiment, the effect of tibialis posterior on the arch was investigated (44). The study used 14
cadaver legs to see the influence of a simulated cyclic axial loading on the arch, and compared
the situation with and without the tibialis posterior tendon support. It showed that the support of
the muscle was essential to maintain the arch as the passive structures alone were inadequate;
after 1000 cycles, the navicular height continued to decrease in the passive structure group only.
However, around 7000 cycles, showed a critical point for both structures in this study, therefore
it can suggest that WB in long periods of time could be a risk factor to dysfunction of the muscle
or arch collapse, however the specimens used were of old age (44). Interestingly, the abductor
hallucis muscle has also been proven to be an important arch elevator. A study that simulated a
contraction of this muscle on cadaver specimens showed that the contraction caused flexion and
supination of the 1% MT, inversion of the calcaneus and ER of the tibia which all are consistent
with elevation of the MLA (45). In Appendix Il — Table 7, movements of the foot and ankle and
the muscles that initiate the movements are summarized. It’s important to note which muscles
are involved in which movements, especially when understanding the dynamic biomechanics of
the foot and ankle (8, 10, 46).
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2.2.2 Gait Biomechanical Overview

It can be generalized that even a small deviation in the structure of the lower extremities may
lead to a deviation and change in the gait (structure affecting the dynamic biomechanics) on the
basis of many researches. Due to the wide-range of the gait cycle and its phases, for the
relevance of this review, only the foot-and-ankle complex’s role will be discussed in this section

of the review.

The gait cycle consists of 2 main phases; a swing phase (40%) and stance phase (about 60%).
The stance phase can be further broken down into: linitial (heel) contact, ?loading response,
®mid-stance, “terminal stance (with heel rise) and finally, “toe-off (terminal stance) (47). The
swing phase is when the limb is out of contact with the ground and clears the ground as it
prepares the limb for its following heel strike (47). A gait cycle is the reference to two steps
being made and the events that occur, along with the movement components of the LE, are
shown in Appendix | — Figure 14 (47).

During walking, rotation of the pelvis causes a rotation of the tibia and fibula (the magnitude of
this rotation increases as it goes to the more distal limbs). IR occurs in the swing and early stance
phase, then ER occurs from then until the stance phases completes before take-off (47). The foot-
ankle complex has to perform 3 main functions that is required in all dynamic movements and
that is to be; ‘flexible to allow for adaptability to the different terrain, “semi-rigid to act as an
optimal spring for the push-off phases of gait and >rigid to enable a high stability in order to
withstand the BW and ground reaction forces (47, 48).

At initial (heel) contact, the foot contacts the ground in supination (the calcaneus is in an
inverted position) and this mechanism ‘locks’ the forefoot and mid-tarsal joints causing it to be
rigid to absorb the ground reaction forces (48). After the initial strike, the rearfoot then begins to
move into pronation, as the talus rolls medially, ‘unlocking’ the forefoot and creating a shock
absorption (48) and lengthening the MLA (47). In a normal foot, this pronation occurs during the
first 25% of the stance phase and the flexibility of the mid-tarsal joints allows the foot to adapt to
the ground more easily (49). In the late stance phase, the foot must act as a rigid lever again,
therefore it is further supinated (48, 49). Here, the inverter muscles aid in initiating the inversion
at the calcaneus to reproduce the supination and ER of the tibia. With the activation of these

muscles, the MLA is lengthened momentarily, right before the windlass mechanism occurs (from
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the DF of the toes), causing it to shorten at toe-off (47, 49). This pathway and pattern of the foot
in gait is characterized as a physiological roll-over and ‘mature gait’. For a more comprensive
review of the dynamic biomechanics of the lower extremities in both walking and running, refer
to Rodgers M. (1988) review article (47).

In the view of FF where the MLA is lengthened, the subtalar joint is pronated throughout the
phases described above, leaving the foot joints mobile instead of rigid (49). There is eversion of
the calcaneus which in turn, decreases the inclination of the subtalar joint axis of rotation and
results in increased forefoot DF and decreased ADD (50). This affects the shock absorption at
midstance and also causes a delay in the resupination in late stance phase as the windlass
mechanism is compromised. Therefore to propel the body forward, more muscle action is
required to aid in arch support and higher stresses are being placed on the plantar ligaments (48,
49). As a kinetic chain response to the abnormal pronation, the tibia is also affected and rotates
medially, forcing the knee into valgus (48).

Despite having noted the effect of a flattened MLA on the subtalar joint, which is easily assumed
with the knowledge of biomechanics and theoretically supported also by mechanisms such as the
midtarsal locking and windlass, the effect of arch height on the kinematics of the foot is still
unjustifiable. According to findings from a study’s assessment of arch height on kinematic
coupling in walking, only calcaneal coupling ratios (calcaneal eversion/ forefoot ABD and
calcaneal eversion/ ABD) were associated with arch height and the arch height explained just
38% of the variance. This reveals a small relationship of the arch height to the intersegment
coordination of the ankle and foot, however, the sample used in the study included individuals
who are asymptomatic and therefore may already have developed an adaptive way to
accommodate to their structure (50). Further studies are needed to support these findings in order

to evaluate the relationships of these variables in symptomatic cases.
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2.2.3 Gaitin Children

Children exhibit many different gait patterns throughout their development because of the
physiological changes (51). Conversely, some foot deformities are blamed for a delay in a child’s
motor development, but actually children with deformities may still walk well if their
development is normal such as in the case of physiological FF. However in atypical motor
development situation where it is affected by an underlying problem, their foot posture and
walking is affected but correcting the foot would not correct the delay, therefore the deformity is
less likely to decrease with increasing age as it would in healthy children (52).

An inefficient gait is said to be when there is failure of the foot to resupinate and externally
rotate the tibia in mid to late stance phases and swing phases of gait (53). However, in children,
because of the physiological presence of FF, this can be viewed as a ‘normal’ variant of gait,
when there is no underlying pathological cause (51). It is important to know the sequence of
motor development in children to be able to assess what is ‘normal’ and what is considered
’abnormal’ when looking at the alterations of gait as it complexly involves all the aspects of the

lower limbs working together.

When children start walking, around 1 year of age, they walk with a wide base and FF. They
may also develop toe-walking until about 2-3 years of age where their gait patterns start to
mature and change (51). Children also walk often with the presence of genu varum, because of
the torsional changes that occur in the lower limbs, which then turns to genu valgus (around 2
years of age) until it neutralizes spontaneously around 7 years of age (51). When there is a large
ER at the hip present, a more out-toeing gait is likely especially in the younger child, and an in-

toeing gait from IR of the tibia and/or femoral anteversion is more likely in toddlers (51).

Many studies have identified age-related differences in kinematic and kinetic gait parameters
within a range of age groups. Majority of them report that healthy developing children reach
adult-like gait patterns from age 5-7 years and up (54). A cross-sectional study on gait
parameters of children aged 1-13 years old, revealed children reaching adult-like patterns by age
6-7 in a population sample of 7788 children from cities across Germany (55). They evaluated
both static and dynamic foot characteristics, finding; an increase of both length and width with
age, and an increase of total contact area of the feet to more than twice as much from the

youngest to the oldest groups in contrast to the arch index (Al) which declined with age
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(maturity of the arch) (55). After age of 8 years, the length continued to increase but the width
began decreasing resulting in narrower feet appearances. The Al appeared to decline the most
between ages 1-6 and after that remaining on a constant level. The highest inter-individual
differences in this study lied in the midfoot region, especially within the context (55). Another
similar study involving comparison of gait parameters also identified some age-related
differences, between 3-13 year olds (54). From their reports, significant differences were found
in the gait cycle time, cadence and walking velocity between the age groups. The youngest group
(3-4 year olds) had a shorter cycle time and higher cadence with a mean of 146.6 steps/min, in
comparison to the oldest group who had a cadence with a mean of 120.21 steps/min. The
walking velocity appeared to increase with age as well. The youngest group also demonstrated
an increase in hip and knee flexion and ankle PF during the swing phases of gait but statistically,
it was not significant (54). Adult-like gait kinetics began to appear from the age 5 onwards in this
study, however, the peak PF moments at the ankle during late stance phases did not reach adult-
like magnitudes until age 9 and above, as well as power absorption and generation (54). From the
conclusions of both these studies, it can be drawn out that by the age of approximately 5 years,
children’s’ gait begins to mature more into the adult-like gait, however with some parameters
that don’t evolve until later because of the continuous development of the musculoskeletal and

central nervous system (CNS) as a whole.

One of the studies didn’t show adult-like power generation and absorption for the PF moment in
late stance phase until the age 9 and this may be due to the lack of muscular strength available in
younger children (54). One of the slowest subsystems to stabilize, in a typical development, is
the muscle activation patterns. Published EMG data from a longitudinal study of 8 typically
developing toddlers showed that there is a shift from the use of excessive muscle activity in the
leg muscles to more stable adult-like patterns by 3 years of age (56). However the authors also
noted that stable patterns emerge only when behaviors have been practiced sufficiently. Even
though the muscles had shown less variability and coactivation as walking experience increased,

they were barely consistent (56).

The most common gait alteration in children is subtalar pronation due to the presence of the
physiological, flexible flat foot (FFF) as the arch is still in development (57). The significance of

the gait changes caused by FFF is questionable in clinical practice, as it spontaneously resolves
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itself with age according to its natural history however gait deviations are known to cause LE
pathologies in later life. Studies began to evaluate and compare LE kinematics in children with
and without FF to learn whether or not there are major and significant differences between them.
Children do exhibit different foot kinematics when they suffer from FF in comparison to those
without the deformity (58). Those with FF walk slower and recorded greater ABD and ER at the
ankle and knee joints, specifically in the stance phase, as seen in one study examining FFF
kinematics (33). On the contrary, a Taiwanese research provided kinematic data differences
between 20 children with and 10 without FFF (with a mean age of 9.7 years) and concluded no
results of the movement patterns similar and no significant differences present in any variable
(57). They reported though, a much larger calcaneal eversion position in static standing of the
children with FFF, but during walking, there were similar movements of the rearfoot in both
groups. The authors suggested this may be due to the discrepancy to different loading conditions
or coupling kinematics (57). The study lacked significant differences, maybe due to the
inconsideration of the midfoot and forefoot (only the hip, knee and rearfoot were evaluated).
However the FFF had a tendency towards a higher knee IR in the transverse plane, hip F and
ADD in the stance phases of gait (57).

In one study evaluated only kinematic data, 24 children (age range 11-12 years) were randomly
selected and divided equally, according to their arch classification to a low arch and normal arch
groups (58). The feet of the children were flexible and asymptomatic. Regarding the results of
temporo-spatial parameters; there were no significant differences and these include walking
speed, stride length, and step times and lengths. This appears to be a pattern, as a similar
kinematic study disclosed the same outcome (59). But revelatory differences were found in the
hip in both stance and swing phases of gait where the ER was higher by 6-7° in the low arch
group (58). They also displayed increased knee valgosity at initial heel contact but the difference
was not that significant (mean difference of 1.4° between the groups) (58). The complete date on
all 22 kinematic parameters measured can be seen in Appendix Il — Table 8 (58). In another
analogous study, evaluation of a similar age group of 9-12 year old children for kinematic foot
motions with a larger population of 25 children with a normal arch and 27 with FFF was done
(59). With more information collected on the ROM of the ankle joints, the results revealed a
normal subtalar ROM to be 6°, and in FF to be 9° in walking. The MLA angle in the flat-footed

group was approximately 10° larger than the normal arched. The flat-footed group also displayed
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a decrease of pronation of the forefoot and an increase in ABD with no ability to ADD the
forefoot in gait but only on the left side (59). The decrease of ADD in the forefoot is a common

finding in children with FF, but the study revealed asymmetrical results.

The results of kinematic studies are found to be variable from the use of different age groups,
classification methods of the feet, severity of FF analyzed and their methods of analysis (57).
Most of these types of analysis are on adult populations also (59). In conclusion however, it is
seen that the presence of FF in children does in fact significantly alter LE kinematics (58), with
the most common findings being in the rearfoot and forefoot, with higher eversion and abducted
positions, and also tendencies towards hip ER and knee valgosity. Majority of these studies also
investigate only kinematic variables without considering the role of muscles and other kinetic
data and further studies are needed to evaluate kinematic and kinetic variables in combination to
demonstrate a broader view of the effect of foot posture on gait. The importance for this can be
seen from the results of a study that evaluated vertical ground reaction force distributions of
individuals with high and low arches (60). A foot arch structure model, that can be viewed in
Appendix | — Figure 15, was used to analyze how the two types of arches are affected by loading
(60). They suggested an increase of muscle tension of LE in FF because of the VGRF as there
were significant differences in the distribution of plantar VGRF between the two groups. It can
be assumed that it is the reason for faster fatigue in people with FF. However the subjects were
divided into groups of either high or low arched and no comparison to normal arched individuals

was made (60).
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2.2.4 Implications of FF on Gait and Posture

The MLA is essential for optimal foot function, an increase or decrease of its height from the
norm impairs its function and causes muscle imbalances, joint malalignments and gait
disturbance (17). A low arch is normally looked at as a deformity amongst adults but in children,
a low or flat MLA is considered physiological. In the first years of life, it corresponds to lack of
ligament tightness, lack of muscle strength, immaturity of the CNS and development and growth
of the structures of the foot. As a result of that, it normally corrects itself in the first decade of
life with increase of age (29). It has been reported however, that about 15% of the population
maintain the flat arch (57). Numerous researches conducted that FF, specifically the flexible
type, rarely cause disability, but recent studies began to challenge this by investigating its

relation to pain and injury by implementing studies with symptomatic subjects (58).

It’s been noted that low arches cause changes in alignments, in all populations. The presence of
overpronation of the ankle causes the tibia to internally rotate, the knee to go into a valgus
position, hips to adduct along with tightening of the muscles and external rotators to weaken
(48). In connection with these alignment changes, low arches may become symptomatic and
have been associated with soft tissue injuries such as plantar fasciitis, patellar tendinitis, tensor
fascia latae syndrome, metatarsalgia, and others such as hallux valgus, osteoarthritis (OA)
(specially of the midfoot), and posterior tibialis dysfunction when progressing into adulthood
(61, 62). It also increases the risk of injuries in activities and sport because of the altered

mechanics.

A report of 40 runners, half with extremely high arches and half with extremely low, provided
information about their history of musculoskeletal injuries and several injury profiles were
created and this can be seen in Appendix Il — Table 9 (63). Even though the results of data
collected from the study demonstrated that the low arched runners have more tibial IR and
eversion at the ankle in stance phase, the injury report presents the low arched runners at more
risk for knee injuries and the high-arched for ankle/foot injuries (63). In the loading phase of the
gait, the flat-arched displayed higher ER at the knee with femoral IR and this causes an increase
in the quadriceps angle therefore with an increase of force from the muscles whilst the patella is
displaced laterally may be the reason for the higher risk of knee injuries (63). The high-arched
subjects that were a part of this investigation had higher vertical loading rates which explain the
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increase of injuries at the ankle. A study on inversion sprains of the ankle also commented on the
high incidence of this particular injury in individuals with high arches, from the position of the
ankle at ground contact phase (64). Contrary to these results, in a similar study, arch flattening in
34 runners was measured with video analysis and force plates to examine the effect of VGRF’s
and the differences it has on the different arch heights (65). No significant differences were
caused by the VGRF in the different arches, but the authors put forward the theory that it may be
due to the runners’ own adaptation mechanisms of running such as increasing knee F at

touchdown to decrease vertical impact (65).

In the topic of adaptation, many cases of FF remain asymptomatic because of compensatory
mechanisms that occur (48). These compensatory disorders however can affect the biomechanics
of the LE greatly and may increase the risk of developing them into structural deformities and
rather than just functional ones, and affect more proximal areas (48). This relation may be
regarded as bi-directional as there are many proximal deformities or dysfunctions that
compensate by abnormal pronation at the subtalar joint, leading to flattening of the arch and this
occurs mainly in adults but may also occur in children that have resolved their physiological FF.
Causes of such abnormal pronation are compensated forefoot valgus, muscle imbalances,
congenital calcaneovalgus, torsional imbalances and any other factors that increase WB medially
(66). So a biomechanical change such as an IR of the hip has the capability in generating a

medial weight-bearing moment at the subtalar joint subsequently causing pronation (67).

In a clinical practice guideline (CPG) for management of adult FF, it was highlighted that adult
FFF is most commonly a progression of pediatric condition and is associated with a short
Achilles tendon frequently (and tibialis posterior dysfunction) (66). It also presented that
symptoms and pathogenesis of FF is usually from structural loading changes and become
symptomatic because of overuse pain and fatigue (66). It is possible that if changes made in
childhood to prevent the FF developing into a more permanent deformity can decrease the
chances of it persisting into adulthood, and given that it’s common for the deformity to be
structural, preventive measures should include ways in improving alignment and muscle
imbalances. The persistence of FF into adulthood as a pediatric residual is more often than
realized. 53 Italian children with a previous diagnosis of FFF were included in a consecutive case

study (ages 10-14 years) and were evaluated systematically with an interview and physical
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assessment (61). Results were very surprising, revealing that 65.3% of the sample were
symptomatic and that 68.3% had related functional problems mostly in sports and some activities
of daily living (ADL). Moreover, 54% of the children had FFF and the rest were rigid (high
number). The symptoms were related to knee alignment significantly (IR presence was common)
and symptoms also correlated with high BMI and females (61). Functional limitations correlated
with heel valgosity, however as the footprints were analyzed, results showed that 93.1% of them
were enlarged but only 83% of the population displayed heel valgus positions of the feet (61).
This was a study based on an age group that supposedly should not have symptomatic forms or
rigid forms of FF as they were a little over past their critical developmental period, yet there was
a high number of limitations and symptomatic cases that involve tiredness, pain on the plantar
aspect of the foot and discomfort, which are all common symptoms seen in adult FF. A FFF
assessment should not rely only on static tests and morphology but should be functionally
defined (61). An interesting finding in the study was a decreased DF ROM that correlated with
age as well, due to the shortening of the Achilles tendon. It’s explained that during growth, the
tendon tries to accommodate to the heel valgus and therefore as a consequence, can cause FF as
well as be the consequence of FF deformity (61). If early intervention is commenced and

maintained, such problems can be prevented.

While this proposed link between foot posture and risk of injury appears to exist, the results of
prospective studies didn’t provide definitive evidence to support it, according to a systematic
review of 12 articles that compared FF with normal foot postures (68). The review though
concluded some good evidence available that points towards increase of EMG amplitudes for
invertor muscles (tibialis posterior) and decrease of amplitudes for evertor muscles (peroneus
longus) in the low-arched individuals (68). However, the populations in those studies can’t be
generalized and the best evidence suggesting these results was using older adults with
rheumatoid arthritis (68, 69). The same authors of the review sought out to prove the findings by
examining EMG results of LE muscles in gait of 60 healthy young adults (divided equally into
low arch and normal arch groups) (69). The results were the same, showing that the tibialis
posterior had an increased activity whilst the peroneus longus had a decreased activity in the mid
to late stance phases of gait. Findings also presented that at heel contact phase, peroneus longus

muscle activity still remains low and the tibialis activity increases which brought the authors’
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explanation of the peroneus longus muscle working less as a means of protecting the arch from

overload, or that the FF is less laterally stable, not requiring much activity from the muscle (69).

FF has also been correlated with not only ankle/foot and knee problems but also changes in the
pelvic alignment and low back pain (LBP) (67). The foot’s contribution to changes in pelvic
alignment lies in its connection to the proximal areas of the lower limb and upper body via the
muscle Kinetic chains. As pronation of the foot, which is in FF, causes an IR of the lower leg and
femur, the pelvis is moved to anteversion. A literature review evaluated articles regarding foot
motion and lumbo-pelvic hip function however it is evidence found in adults only (67). It was
hypothesized that altered positions of the pelvis to anteversion from excessive pronation
increases strain on muscles such as the iliopsoas, piriformis and gluteals (67, 70). This
connection has further been evaluated by studies that attempted to simulate hyperpronation in
healthy subjects by using sloped wedges or platforms of varying degrees to cause eversion of the
ankle joint in standing. In a study with such a method, 35 healthy subjects (aged 23-33 years)
were asked to stand for 10s each on bases of support at different angles (71). Tibial alignment
significantly increased to IR corresponding to the increase of calcaneal eversion produced. There
was also an increase to IR of the thigh and of anterior pelvic tilt (which showed a significant
difference between standing on the ground to standing with a 10° eversion) (71). An illustration
of the proposed reaction can be seen in Appendix | — Figure 16 (103). However, when the
subjects stood on the steepest wedge, no significant changes in the pelvis was seen, which may
mean an optimum alteration has been reached by the pelvis. Small changes of the pelvis
alignment to anterior tilt are assumed to be enough to cause large functional changes in standing
and walking (71). The other study with a similar method of examination, evaluated the changes
of the eversion on the proximal body parts in unilateral WB (70). It was expected that because
unilateral WB is common in frequent activities, the influence may have a stronger effect on the
proximal segments (70). In contrast to the bilateral condition, unilateral hip F was accompanied
by more posterior tilting of the pelvis in standing, therefore ankle eversion unilaterally can’t
induce a larger anterior tilt than in bilateral WB (70). The thoracic segments were additionally
evaluated in the study and as eversion was increased, the segments tilted and rotated towards the
stance side however pelvis rotation did not increase. The outcome of the study may indicate a
risk factor for LBP, specifically for unilateral WB activities but a limitation to the study was that

only immediate effects were assessed, and in healthy subjects (70).
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Another study involving the use of platforms to alter the biomechanics of healthy individuals
involved 18 different foot positions (72). The lumbar spine and pelvis were analyzed for changes
as the participants stood on platforms varying from 15° of eversion to 15° of inversion and 40° of
ER to IR of the foot. The subtalar pronation demonstrated IR of the tibia and femur but no
changes in the pelvis and lumbar spine were seen with inversion/eversion and as the authors
speculated that the ROM may be too small, a rotation component of the lower limb was added
and assessed. The IR of the lower legs caused an anterior tilt but no changes were seen in lumbar
spine nonetheless (72). It was further speculated that the lack of changes seen in the pelvic
posture may be because the healthy partakers of the study may have been able to use short-term

compensatory mechanisms to prevent changes in proximal areas (72).

A review on foot function and LBP searched the variety of mechanisms where the foot may
affect the low back through an extensive literature review. Refer to Appendix Il — Table 10 to see
the different theoretical mechanisms that explain a relation between the two (73). An
investigation that was cited in the review on chronic LBP showed appealing results. 97
participants that were included in the study suffered from chronic LBP and 81 of them had
presence of overpronation (73). They were treated with foot orthoses and manipulation, and at a
6 month follow-up almost all the individuals related an almost complete lessening of their LBP
symptoms. The development of LBP (in connection to foot pronation) can be a result of 2

factors: IR of the LE in gait and ®inadequate shock absorption as seen in FF (73).
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An increasing number of studies recently began to investigate plantar pressure variables. Plantar
pressures (PP) have been used to characterize dynamic functions of the foot (62). The variance of
PP are affected by several factors such as body weight, shape of bones, integrity of soft tissues,
gait dynamics and muscle functions (62, 74). Increases of PP, according to researches, are related
to diabetic ulceration, hallux valgus, midfoot OA and more disorders, but cause-effect
relationships have not been made clear (62, 75). A study attempted to learn what the structural or
functional predictors of PP under the foot are (75). Many variables were evaluated such as
anthropometric measures, ROM, radiographic parameters, and EMG’s of muscles. 55
asymptomatic subjects were included with the age ranging from 20-70 years. Results concluded
that for the midfoot, the magnitude of the pressure was most predicted by structure, mass
(increase of mass increases PP) and age (increase of age decreases PP). Low arches produced an
increase of PP under the midfoot, and also the more available eversion ROM, the less PP (75).
Another study investigating PP in the midfoot compared its association with the measures; arch
index (Al), navicular drop and navicular drift (62). It included 92 healthy adults from Alaska that
were measured in standing and walking. The low arched subjects displayed lower PP in the
medial forefoot but high PP under the hallux in midstance phase of gait. No relation of the
rearfoot PP and the MLA was found but only the medial aspects of the feet were evaluated (62).
In the previously mentioned study that investigated functional and static predictors of PP, results
for the rearfoot demonstrated that an increase of MLA height increased PP in the region and that

the higher presence of soft tissue under the calcaneus the lower the PP are as well (75).

An interesting research on foot ground pressures of FFF in children was done to compare the PP
with and without correction of the deformity (74). A study sample of 4-6 year old children was
used, with similar foot characteristics. Amount of load beneath the soles of the feet were
measured without then with correction (by a medial heel wedge) and the patterns were divided to
anterior, posterior and middle WB areas. In normal feet, posterior WB is usually 61%, anterior is
35% and middle is 4% (however this increases with FFF). The subjects of this study gave the
results of posterior WB as 54%, anteriorly 29% and middle WB 17% to as high as 30% (74). For
the WB of the midfoot this shows a large increase for the children with FFF and after corrections
were made, the WB was almost decreased to normal (down to 6% in middle WB) (74). Plantar

pressures can provide very useful information, as seen above, for severity of FF and the impact it
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has on loading changes of the foot and it could also be clinically significant in treatment when

providing orthotic treatment.

Information from PP is also useful in detecting gait pathway patterns. In a normal pathway of PP
in walking, WB moves from the lateral heel, medially in the forefoot towards the big toe
however in FF the pathway moves directly from the heel to toe (76). A study reviewed the
implications of plantar foot pressures in childrens’ gait. Only 9 subjects with FF were compared
with 10 subjects with normal arches. The PP under the 1% 3 metatarsals (MT’s) increased in FF,
especially under the 2" and 3" MT bones and the PP decreased under the 4™ and 5" MT
significantly. The midfoot PP in comparison of both groups proved to be quite similar, except
that the loading was more medial in the FF group (76). This could explain that the increase of PP
in FF is from a decrease of PP on the lateral region of the foot from change of centre of mass
direction and not from increase of PP on the medial surface (76). An analysis of the functional
adaptation of MT bones was made in adults with symptomatic matarsalgia compared with adults
with asymptomatic feet (77). Parallel to the results above of the PP under the MT’s, the results of
this study had significant differences for the 1% and 2™ MT’s dorsal cortical thickness, especially
under the 2" MT where the increase was 18.1% greater than in the feet of asymptomatic adults
(77). 1t can be concluded that the MT bones have the largest adaptive response to increases of

load and forces upon the foot.
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2.3 Pes Planus in Children

There are many synonyms that are used to describe FF, such as; pes planus, calcaneovalgus,
planovalgus, pronated foot and so on (78). FF is well known as a postural deformity. It occurs in
10-23% of the general population (79). In pediatrics, it’s one of the most commonly negotiated
topics when it comes to problems of the lower extremities, and it is also the most common reason

for referral to an orthopedic (ORT) consult (80).

Until present time, given its frequent presentation, there’s no universally accepted definition of
FF or what exactly constitutes it (81). The term has been used extensively and for a long time
now in literature with a large difference in definitions (82). Pes planus is more of a description of
a medical condition, that’s defined more or less subjectively as a lowered or absent MLA within
a population, rather than a strict diagnosis with an underlying cause (12, 82, 83). This description
could surround a non/pathologic or non/symptomatic condition (82). It’s more of a reference of a

clinical deformity which could exist in isolation, or be part of a larger clinical entity (12, 90).

When flat feet are seen in children, it’s referred to as ‘pediatric flatfeet’ (84). Children are born
with FF and in the first few years of life, FF is present and physiological. FF is normally a
developmental deformity, but it can also be acquired (especially in adults). It’s characterized by a
lowered MLA and a valgus position of the heel (76). Apart from those common attributes, there
are anatomic characteristics of FF that are well known, such as those adopted by Mosca® that
are: eversion of the subtalar joint in WB, PF of the calcaneus (in relation to tibia), PF of the talus
and a supinated forefoot with an ABD navicular (81). These may all or may not all present in a

patient with FF and usually depends on the deformity’s severity.

Screenings for foot problems in children, as early as 1960’s, always showed a large prevalence
of FF, especially those below 6 years of age but this is now seen as an expected part of
development (85). Despite this change of opinion, it has been and still is a major concern for

parents to consult a doctor for, with worry about their child’s development (32, 78, 86).

Findings from prevalence studies for FF across a variety of age groups measure about 45% in
preschool aged children, and 15% with a mean age of 10 years (85). However it is higher with
hypermobility, increased weight, male gender, neuromuscular disorders, positive family history
and other factors that will be discussed later (85). A large recent Cochrane review found 15
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studies regarding the prevalence of FF (78). Their summaries can be found in Appendix Il -
Table 4. To highlight different results, from the 2 most appropriate studies, prevalence for 3-6
year olds was found to be 44% (n=835) and in an older age group of the mean age 9.2, results
were 17.2% (n= 579) with moderate to severe FF (78). A study done by Morley et. al* evaluated
the incidence of FF in children from 1-10 years and found that almost all the 2 year olds were
flat-footed but only 4% of the 10 year olds were (83).

Most infants’ arches do develop spontaneously in the first decade of life but this again changes in
adulthood where about 15-20% of adults have asymptomatic FF (14). There will always be a
large variability of normative values for a developing foot that is age specific, but very often in
studies that evaluate that, they find that the values eventually change to match adult norms with
time (83).

Previous studies reported a large amount of unnecessary referrals to use treatments for children’s
FF. A comparative survey study aimed to see the influence those studies have made in daily
practice, if at all, and on physicians’ approaches to diagnosing and treating pediatric FF (80).
Two large surveys were done in the Dutch populations general practice, one in 1987 and another
in 2001 of over 80,000 children aged 0-17 years (80). The incidence for FF decreased from 4.9
per 1000 person-years, in 1987 to 3.4. Also, the rate of referrals decreased from 38.3% of the
children being referred in 1987 to 22.5% in 2001. The influence of the studies have possibly
made this difference and impact in practice, shown clearly in those results, however it is limited
to the Dutch population (80). Even though there is no true accepted definition of flat feet,
improvements are always being made, from the aid of evidence-based literature, to help
distinguishing the normal development to abnormal or pathological and which types are more
necessary to treat or not. There is, however, a wide range of variability in children’s FF and it’s
what makes it difficult to distinguish normal from abnormal and this is also why it raises the

concerns of parents when it comes to their child’s development (55, 82).
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2.3.1 Classification of Pes Planus

Acquired vs. Congenital: Pes planus can have a congenital (when present from birth) cause, as
seen in problems such as tarsal coalition, congenital steep talus and vertical talus. However it is
commonly more acquired, due to faulty development and in most cases continues into
adulthood. It can also be acquired from injury/trauma (ex. Arthritis), or an illness (Ehlers-Danlos
syndrome), muscle weakness/imbalance (as in CP), contractures (peroneal spastic flat feet),

aging, and so on. When it appears in adulthood it is called adult acquired flat feet (87, 88).

Physiological (developmental) vs. Non-physiological: The physiological FF is developmental
and has a lot of contributing factors affecting it (32). It is seen as a normal part of a child’s
growth and development and resolves itself spontaneously with age. The non physiological FF
worsens with time instead, and needs more detailed examinations. Frequently, the etiology of it
falls into one of the 4 main subgroups; neurological, muscular, genetics collagen, or it can also

be associated with trauma, predispositions or other ORT disorders (78).

Symptomatic vs. Asymptomatic: People with fallen arches sometimes, even when non-
physiological, remain asymptomatic (without symptoms). This is because the foot adapts to the
structural deformity by changing the shape of the bones and stretching of the ligaments in the
foot. However, even if they are asymptomatic, the changes still affect the normal biomechanics
of the lower extremity especially if the FF is of a pathological origin and they can nevertheless
develop into painful FF and further to rigid ones (48, 55, 78, 89). Symptomatic feet are normally

associated with other conditions (89).

Flexible FF (FFF) vs Rigid FF: One of the most important considerations is whether the foot is
rigid or flexible (82). Flexible FF is a term used for when the arch is present in an off-WB
position, but lost in a WB position (81). Asymptomatic FFF is either physiological (improves
with time) or non-physiological (progresses with time) (90). In the case it is symptomatic, it
produces altered function, complaints and objective findings and is usually treated accordingly
(14, 90). It’s said to be caused or be a part of a generalized manifestation of a ligament laxity
(14, 30).

Rigid FF is often caused by changes in bone structure and can occur pathologically or

idiopathically (14). It often leads to pain and disability if left untreated, and surgery is sometimes
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necessary (14, 32). It’s characterized by a loss of the arch in both open and closed kinetic chain
movements (81), and a valgus position of the calcaneus, pronation of the midfoot, medially
oriented talus and a laterally-dislocated navicular bone (14). It has many etiologies that could be
placed in one of the 4 main subgroups mentioned earlier (14, 78).

The foot is the most affected region when it comes to changes in anatomy of the body and the
structure with the highest variability in the foot is the MLA (86).
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2.3.2 Diagnosis
The most frequent reasons for examining the foot in its developmental period are; pain,

deformity and/or incorrect gait (91).

One of the first considerations in diagnosing the deformity is the age of the patient. At birth,
there is a presence of calcaneovalgus and no MLA seems to be present. The MLA grows and
develops gradually with age, as part of the development process, and with increase of strength,
size of the foot structures and increase in motor skills, the FF resolves itself (55, 84). By the
walking age of 12-18 months, there is still no MLA visible and this is due to the presence of a
characteristic that differs children’s FF to an adults, which is a fat pad in a child’s midfoot area
(until 2-3 years approximately) that acts as a protective adaptation (52, 55). Therefore children
may show flatfeet presence in weight-bearing positions with pronation of the foot and valgus
position of the ankle (84). The fat pad gets reabsorbed spontaneously, around 3 years of age, as
the muscular system adapts enough for the upright gait (55) and it is because of this reason that

diagnosis is best made at 3-4 years of life, after this resorption (89).

Also, a very important part of diagnosing FF in children is history taking. There are several
significant history areas that aid in diagnosing the type of FF such as the age of onset, presence
of other medical conditions, symptoms if present and what they are, a family history, previous
trauma, the child’s activity level and the sequel of development (if it is following a normal path
or if it’s worsening) (90). A collaboration of findings from the history and clinical observation
(along with results of imaging procedures if necessary) results in a final diagnosis. The diagnosis
usually falls under one of these categories; “flexible FF, ®rigid FF: congenital vertical talus,
peroneal spastic FF, tarsal coalition, iatrogenic and posttraumatic, ¥skewfoot, or “other less
frequent causes (90).

There are several approaches and clinical practice guidelines that have been developed with
evidence-based approaches from up to date literature reviews and current clinical practices, to
aid with diagnosing and managing pediatric FF. A recent Australian study has created a new
pediatric-FF proforma with this approach. The proforma is a clinical care pathway, and has 29
items less than the original FFP after a reliability assessment (92). It can be viewed in Appendix
Il - Table 5, and it highlights the most important areas to be aware of in diagnosing and treating

FF in children, taken from current evidence. However, it has been built using an older age group
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of 7-10 year old children only (92). As for detailed examinations on diagnosing FF in children
the reader can look to the American Pediatric FF Panel clinical guideline (90) or a detailed
review about the examination of the foot in the developmental period (91). The CPG contains a
framework for diagnosing FF in children, showing the most significant findings to look for when
examining, and also highlights several treatment options. The framework for diagnosing FF can
be seen in Appendix | - Figure 12 and 13 (90).

Classification of the MLA
There exist many classification systems for evaluating the foot structure, and its relation to foot

function (93). The reliability and validity of these systems however, vary and are still in dispute.
Attempts at classification have focused majorly on arch height (MLA), heel eversion angle and if
the foot is rigid or flexible (78).

The MLA has become a main reference in diagnosing FF (94). Several methods have been
utilized to identify and classify the MLA, such as using clinical signs, radiographs, footprint
analysis’ and so on (95). The use of clinical criteria for diagnosis was the first form of classifying
the MLA, with a specific observation of the foot in stance and sitting positions, position of the

foot bones and the heel and some special tests.

Since 1952, uses of quantitative measures increased to support or moreover replace the common
clinical diagnosis (which was believed to be generally subjective, requiring experienced
clinicians). Quantitative methods were initiated by the use of the Harris and Beath footprint mats
and the development of the valgus index (96). In a critical literature review, it was stated that
methods of classification that are based on foot morphology in general, can be placed into one of
the following categories: *Visual inspection, 2Anthropometric values, *Footprint parameters and
*Radiographic evaluation (93).

Details on classification of FF and its diagnosis is beyond the scope of this literature review,
however definitions and several types of methods that are mainly used will be discussed in the

forthcoming section for each category.
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2.3.2.1 Visual inspection
A visual observation is part of a routine practice and is always used for typical examinations.

Visual inspection is usually enough to classify a flexible foot from a non-flexible FF (93).

There are characteristics that mainly exist in the FF deformity or aid the diagnosis of FF when
observed and these are (16, 97, 98);

- Mainly the presence of the fallen arch

- The head of the talus is displaced medially and plantarward from the navicular putting the
spring ligament on a stretch, as well as the tibialis posterior muscle

- Prominent talar head medially, and eversion of the calcaneus

- Hyper-pronation of the foot (ankle rolls inwards)

- More weight distribution to the inside of the sole (ankle in valgus position)

- Medial column longer than lateral column (appears to be)

Inspection of the posture is done in all directions, and also includes some special tests such as tip
toe standing and great toe extension and examining the foot in WB or non-WB positions to
differentiate a rigid FF from a flexible foot (93). Testing for FF should always be dynamic and
not only static as it is a functional deformity (52). Variations of walking, with and without shoes,
are also observed. During a gait observation, it’s important to take note of the medial borders of
the feet, foot progression angle, the calcaneal eversion (average rearfoot angle is 4° valgus), heel-
to-toe contact, position of other joints such as the knee and hip, and the presence of a limp (78,
90). Children may or may not confess to having pain, therefore observing markers such as
altered gait, and a change in their activity level can give the physician information about pain
being present (82). Associated conditions are also important such as other LE malalignments
since the connection of FF to other parts of the LE is increasing in awareness (82). A recent
study published in the Foot and Ankle International showed positive correlations of FF and
anterior knee pain with low back pain, and the adolescents with moderate to severe FF had
nearly 2x the rate of FF as the adolescents without it (82). Assessment of the ROM of the LE

also provides useful information on asymmetries present.

As mentioned previously, the results primarily from visual inspection can be unreliable because

of the large variability that exists amongst examiners. For quantification, the use of markers on
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bony landmarks or important areas can increase the accuracy. Podoscopes are also sometimes
used to increase subjectivity, or even photographic documentation for record keeping (93).
According to the Australian study that created the new FF-proforma, the Foot Posture Index
(FP1-6) is a reliable and valid method for diagnosing FF (6> = FF) (92). It consists of; talar head
palpation and examining the calcaneal frontal plane position, supra/infra lateral malleolar
curvatures, the prominency of sustentaculum tali, the congruence of the MLA, and ABD/ADD
positions of the forefoot on the rearfoot (78). It is evaluated in standing and its values range from
-2 to +2 for each of the criteria (total score ranges from -12 to +12). The scores indicate the
position of the foot along the supinated to pronated continuum of the foot posture (a negative

score or a positive score respectively) (99).

A thorough clinical diagnosis criterion is sometimes said to be a gold standard in diagnosing FF,
as there is still no universally accepted definition for MLA height in different age groups (95).
For every country there are slight differences in the criteria provided by their ORT associations,
and to what extent is a pathological or non pathological FF also differs. There is still a need for a

criterion that can be used universally with clear definitions what’s a norm or what is not.

An example of a classification of FF by the German ORT association is that a flexible FF is
when the deformity has the ankle in valgus position (rearfoot angle) of less than 20 degrees, an
where active correction is possible (by standing on tip toes or extension of the toes) and a
pathological FF is when the valgosity is above 20 degrees with or without a disability for
compensation of the valgus position (32). A combination of the use of observation and an
anthropometric measure can be seen, and that is typical of many criteria’s where combinations of

methods are used and never just visual observation solely.
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2.3.2.2 Anthropometric values

Anthropometric measures are used to characterize the external structure of the foot (100). It
gives information on sagittal and frontal planes of the foot segments (93). Examples of these
measures are the normal length and width measures of the different foot areas to determine their

size and proportions.

A common measure is the arch height, which is measured from the highest point of the MLA
(prominent navicular) to the ground (93). A ruler or caliper can be used (12). This is a good
objective approach; however its limitation lies in the fact that it only provides static information
of the foot.

The longitudinal arch angle (also known as Feiss line) is also a common reliable measure. It is
the angle from the medial malleolus to the navicular tuberosity, then through to the medial aspect
of the 1 MT head — it’s an indirect measure of arch height (93).

Another is the rearfoot angle (mentioned previously) that shows eversion/inversion. It uses the
Achilles bisection as the reference because it is always perpendicular to the surface, whether the
foot is in valgus or not (32). The navicular drop measure, tells us about the displacement of the
navicular from a non-WB position to a 50% of WB position and the valgus index (which was the
first initiated quantitative measure) measures if the malleoli are more medial or more lateral in

relation to the calcaneus (a positive index equals to a medial shift and vice versa) (93).

Look to Appendix Il - Tables 1 and 2 which show schemes of classifications adopted by different
authors that are based on the structure and alignment characteristics and use a combination of
observation and anthropometric methods (93).
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2.3.2.3 Footprint analysis

Footprints are a quick, simple and cost-effective technique (17, 95). They are done from the
imprints of feet taken from ink pads or pressure mats (93). The concept behind a footprint is that
a higher MLA leaves a narrower isthmus print when compared to a lower MLA, which flattens
the cavity and leaves a wider isthmus (27). Therefore the width area or contact area of the foot
provides a clear, simple objective mean for foot classification (93, 96). It also can provide a
record of pressure distribution that can be taken in static and/or dynamic situations (96).
Dynamic pressure variables are very useful in characterizing and evaluating the function of the
foot in activities, rather than in static posture (101). Pressures can also express the potential
damage that could occur in the tissues as a result of different loading and that is used when for
example evaluating the effect of obesity on the foot (101). In walking prints, areas of higher
pressure under the big toe, the 1% MT and 2" MT, medial area of the heel and midfoot are

common findings in hyper-pronation (96).

There are some classification systems that can be used just from an observation of footprints to
classify the feet into low, normal, or high arched. An example of this is the Denis grading seen
and used in some studies, which divides the classification of FF into grades 1-3, where 1 is
normal and 2 and 3 are flat (26);

- Grade 1 is when the support of the lateral edge of the foot is % of that of the MT support.
- Grade 2 is where the support of the central zone and the forefoot are equal, and

- Grade 3 is where the support of the central zone is greater than the width of the MT support
(Flattest grade).

With more quantification and measures, than the simple criteria described by Denis™* above,
many footprint indices have been developed and widely used and a few will be mentioned below
(93):

- The arch index (Al), which was developed by authors Cavanagh and Rodgers®, is the
calculated ratio between the areas of contact of different parts of a toeless footprint (93).

Look to Appendix | - Figure 6 for an illustration of the index (17). The Al is classified
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into the following 3 categories: ‘elevated MLA is an Al < 0.21, “a normal MLA is 0.22 <
Al < 0.26, and *a low MLA is an Al > 0.26 (17).

However, as reliable as this footprint index is and its wide use, many measurements have
to be taken in order to calculate it which leaves more room for errors to be made (102).

- The arch angle (aka Clarke’s angle, CA) is the calculation of the angle between the
medial border of the footprint and the line connecting the most medial point of the MT
region and the point where the shape of the inner area of the MLA touches the MT
outline of the arch (look to Appendix I - Figure 7a for an illustration of CA) (93, 95).

In one study’s results, CA proved to be at an advantage when seeing the influence of
shoes on the foot, and also in detecting gender differences (29).

- Staheli’s arch index (SI) is another index that is similar to the Al, but uses the calculation
of the minimal width of the MLA with the maximum width of the heel (look to Appendix
| - Figure 7c or 8 for an illustration of Sl).

According to the Pediatric ORT Society, the norm index is always within 2 standard
deviations of the populations average. Sl values that are equal to or above the sum of the
2 standard deviations with the average are diagnosed as FF (86).

A study by Staheli et. al ® aimed to provide a range of norm values in all age groups used
the Sl for classifying the feet of the subjects. 441 subjects aged 1-70+ years old with
normal feet participated. The mean Al was calculated for each age group and also 2
standard deviations. The results showed that the norm is very broad throughout life. In
infancy the range went from 0.7-1.35 where it clearly showed that the MLA width was
1.3x the width of the heel even within the norm. After mid childhood, the norm ranged
from 0.3-1.0 through to adulthood (103).

- Chippaux-Smirak Index (CSI) is calculated with the formula CSI = B/A x 100%, with ‘B’
being the width of the MLA region and ‘A’ being the width of the MT region. An
illustration of this index can be seen in Appendix | - Figure 9. The CSI has 5 categories
for classification and in this way it has an advantage:

0% = the foot has an elevated arch, 0.1-29.9% = the arch is normal, 30-39.9% =
intermediate foot arch, 40-44.9% = low arch and 45%> = FF (17).

Some studies have been done on comparison of several of these footprint indices mentioned to

identify the strongest and most reliable method for MLA assessment. In one, where the
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experiment was to try to objectify when the MLA grows and develops in school kids (ages 3-10),
a comparison of the diagnostic ability of indices Al, CSI, SI and AA was made (17). The results
showed that the CSI and Al had great and accurate abilities however the Al needs special
equipment and a lot of time to calculate it. Also the presence of the fat tissue in the younger age
groups may mask the formation of the MLA and therefore affect the Al falsely (17). The CSI
had, therefore, the better advantage. The study also showed that the SI was very different to the

rest of the indices in its criteria.

In a comparative study (95), the 3 footprint measures CSI, Al and CA were used to compare
each other against the gold standard clinical diagnosis criteria. The study had used 1319
preschool aged children with an average age of 62 months. From the results, cut-off points of
these tests were drawn out to the diagnosis of FF in the preschool aged. These cut-off points are
as follows: CA less than or equal to 14 %, CSI larger than 63% and for the Al larger than 107%.
As for the comparison of the indexes, they all showed great diagnostic abilities but in agreement
to the previous study mentioned, the CSI again showed the most superior performance with a
predictive probability larger than 90% (95). In Appendix Il - Table 3 results from the study can
be seen, where the 3 different analyses are distributed according to different age groups. In a
different study, by authors Fariol F and Pascual J, cut-off points for the same indices were
determined, but for higher age groups (3-17 years old) however it wasn’t appropriate for the
younger kids as if the same criteria would have been used, most children in this study would
have been regarded as having severe FF. This highlights the importance of having norm values
available for the different age groups when classifying the feet according to footprint index

methods.
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2.3.2.4 Radiographic measurements

Radiographs are widely for assessing foot structures. It is always recommended that painful FF
in children should be immediately imaged, to rule out certain anatomical variants such as tarsal
coalition (104). Apart from bony components, x-rays can clearly visualize skeletal components
of the MLA. Foot characteristics, in this way, can be taken from radiographs and angles can be
measured for quantification (93). The following measurements are the most frequently cited and

illustrations of the parameters can also be seen in Appendix | - Figures 10 and 11(93):

- Calcaneal inclination angle (CIA), which is taken from a lateral X-ray is the angle
between the tangent to the inferior surface of the calcaneus and the ground.

- The height-length ratio of the MLA

- The calcaneo-first MT angle is the angle subtended by the tangent to the inferior surface

of the calcaneus and the line drawn along the dorsum of the 1st MT (93).

Many studies use a combination of footprints and radiographs for diagnosis, not only for
comparison, but to increase preciseness of the diagnosis and to have more information available.
One study that assesses the MLA in children and adults with obesity used both footprints and
radiographs and found a very strong correlation between their results (94). Although there are
many other studies in agreement, their reliability is still questionable, with the main reason being
that they acquire 2D information only (37). Radiographs give flat images of a 3D problem, as FF
includes 3D faults including hindfoot pronation, midfoot ABD, forefoot supination, subtalar joint
DF with ER all in relation to the hindfoot, and not all these are visible on neither X-rays nor
footprints (37). Also, another limitation of radiographs is their difficult use for children below
the age of 6 approximately, because not all the ossification centers of the foot bones show until
the later ages and the sustentaculum talus doesn’t become visible until about the age 9-10,

making it hard to draw out the axes from the X-rays (96).

This brings an ongoing debated question to whether the information about the static appearance
of the foot arch is able to predict or give information about the dynamic behavior of the foot. A
study by Cavanagh et al. tried to identify to what extent static foot structure variables, taken from
an X-ray, would predict peak plantar pressures in walking (105). Even though the experiment
was done on adult subjects, the information collected was quite influential. There was a very

high reliability noted in the measures taken radiographically. More importantly, after a
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regression analysis, the results showed that a few structural measures can in fact explain about
35% of the variance in plantar pressures under the heel and especially the head of the 1% MT
(105). The calcaneal height and 1% MT inclination angle were the most dominant factors (for
example, the higher the MT1 inclination equals to a higher pressure under the heel) (105). Even
though some studies, like the one just mentioned, believe that static measurements are correlated
with dynamic ones, there are still some that concluded the opposite. This therefore marks the
importance of having an index to describe the flexibility of the MLA, as well as other
characteristics (37).

The first trial that attempted to measure the flexibility of the MLA used a measure called the arch
volume. To measure the arch volume, a 3D laser scanner was used (37). The trial was done in
Taiwan, on 44 children from ages 2-6, and their feet were scanned in sitting and one leg standing
positions and anthropometric measures were also taken. As stated before in a previous chapter,
there were significant differences in ages 3-4 years in the arch volumes according to this study’s
results, but there weren’t any significant differences in ages 4-5 years, which is in accordance
with another study that showed the development of the foot arch function using Contact Force
Ratio’s (15). However in other research, significant differences are found between 4-5 years of
age in the MLA (17). This can be due to the different evaluation methods and whether the
methods used acquired 2D information only, or also 3D information (37). 3D data may capture
more details about FF and also newer insight into the problem. It may provide more accurate
information since the deformity itself is 3-dimensional and more research should be done in the
scope of this area.
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2.3.3 Treatment

Treatment of FF has been a very controversial topic in the pediatric field. Many reviews noted
the lasting debate that exists on whether or not to treat FF in children and how to treat it,
especially in the FFF cases or asymptomatic cases. Given the natural developmental pattern of
the arch in healthy children, the argument lies on whether it is necessary to provide a form of
treatment to FF and if it would be beneficial as it would resolve spontaneously either way. It has
therefore been stated most commonly that in a normal developing child, treatment procedures
should not be integrated (specifically the use of orthoses) given the natural course of the arch
maturation, and that it should therefore be applied to cases with painful feet, or as prevention
from future disability (106). However, there are many incidents where therapy and treatment is

still provided to asymptomatic FF.

An Australian study had aimed to investigate whether screening is necessary for FF in healthy
children and if it would make a beneficial difference by increasing the chance of preventing it or
successfully treating it (85). The study answered this by considering how well pediatric foot
problems fulfill each of the WHO criteria for a screening program, and compared this to the
early diagnosis of hip dysplasia. In conclusion, because of the lack of evidence for any treatment
need for aymptomatic cases (which form the majority of the prevalence), or if there’s a benefit in
later years from it, there is no need for screening this deformity given its natural history.
However for children who arrive at the end of their first decade with FF then monitoring them

and treating them is worthwhile (85).

Treatment strategies are divided into conservative or surgical. Conservative treatment is always
the first line of therapy for FF, even when the symptoms are mild (82). An individual approach
to treatment is always best as FF has usually multiple etiologies (82). Surgical procedures are
used in severe cases and in cases where the conservative therapy doesn’t affect the deformity or
create a positive response (82, 90). A good base of treatment comes from evidence offered by
systematic reviews, clinical reviews, guidelines and studies that emphasize arch development

and its influential areas (78).
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2.3.3.1 Conservative treatment

Conservative methods usually involve the use of orthotic shoes, insoles, kinesiotherapy;
primarily for strengthening, heel to toe walking exercises, walking on uneven surfaces, barefoot
time, increasing intrinsic muscle activity such as picking up marbles, stretching of shortened
muscles, the use of medicine such as NSAID’s and modifying activity (89, 90, 107). For an
example of therapeutic exercises used for FF, a list of exercises adopted by a perspective cohort

study can be seen in Appendix Il — Table 6 (108).

Conservative therapy is therefore mostly used for symptomatic cases. It aims to prevent the need
for surgery and also prevent future problems (82). In asymptomatic cases, there hasn’t been any
long-term improvements seen and there is a lack of longitudinal studies to provide evidence of
the efficacy of the treatments, both surgical and conservative (78, 82, 92). A review of pediatric
literature concluded that orthotics and heel stabilizers work for decreasing symptoms and
increasing support in symptomatic FF cases, along with conservative methods and that also for
severe cases, custom made orthoses are better used to eliminate the compensatory disorders that

are present (82).

Out of those methods, a long-standing debate exists over the use of orthoses for treatment of FF,
especially of the flexible type as there is no way to tell between the FF that will remain
asymptomatic or become symptomatic (82). Orthotic treatment has been recommended
previously for asymptomatic cases to balance out the support in FF and prevent future disability
but there is still a question on its efficacy (48). In a prevalence study on preschool children, it
was found that approximately 10% of the children were using orthoses despite that only 1-2% of
them had pain (32). This points out the number of unnecessary treatments that are being
prescribed to those children who don’t require it. A critical review of current literature available
investigated the use of pediatric foot orthoses and its efficacy (109). 13 studies had met the
criteria but only 3 of them had a quality index score above 50%. This indicated the poor
methodological quality that exists in most studies evaluating the efficacy of orthotic intervention
in the pediatric FFF population and clinicians need to consider this lack when making decisions

for the management of FF (109).

According to a good system of orthotic treatment, an orthosis should do the following:

LAccomodate the structural deformities and protect the foot, 2provide rigid support but also allow
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for natural foot shape change in movements, ®correct the malalignment and “create an optimum
patient-orthoses interface to prevent the breakdown of soft tissue (79). An ORT device for
hyperpronation control called the dynamic stabilizing innersole system (DSIS) was developed in
1992 to control the arch flattening in 3 planes (sagittal, frontal and transversal) which gave it a
very good advantage to the other systems. It has reported good outcome results for children

between 2-16 years of age and is until now very frequently used (79).

In an attempt to alleviate the controversy regarding if children with FFF should or shouldn’t be
treated with arch supports, a gait evaluation of the immediate effect of orthotic treatment was
measured in a study in Hong Kong (49). The sample population was small, of only 8 subjects
(with the mean age of 6.3 years and an arch index of >3.0), that were referred to the orthotic unit
with prescriptions for arch supports. The children were provided with custom made orthoses and
then evaluated by a gait motion analysis system. A comparison with the shod was also done.
There was a significant decrease of IR and a decrease in ABD of the forefoot in the orthotic
group. The degree of eversion was also decreased, giving a decrease of total eversion by 39.5%,
with the exception of heel strike (where there was no difference). The orthosis also decreased the
delay in resupination. Overall, positive effects were seen on the subtalar motions and this may
consequently decrease stress on foot structures and relieve pain. The Hong Kong population is
generally known to have high laxity which can limit the significance of these results to other
populations, also a 2D system was used for the motion analysis which may not have detected
small changes. However this is the only study that examines the immediate effect of orthotic
treatment (49). Other studies have also shown similar findings with a longer period of usage, but
there were also results that showed the contrary. A prospective research that evaluated the
influence of corrective shoes and inserts on FF showed interesting results. 129 children were
recruited in the age range from 1-6 years old with FFF, and were randomly placed into 4 groups
of different intervention. 1 group was a control, and the 3 others used a form of orthoses;
corrective shoes, the Helfet heel cup, or a custom-molded insert (110). They were treated with
their intervention for a minimum of 3 years but only 98 children completed the study. After the
analysis of covariance between the groups, there were no significant results seen between the
groups and the variables that were measured all improved over the 3 years but it was regardless
of treatment or not. The relationship between laxity and improvement was analyzed as well, and

the data showed the greatest improvements came from the children with greatest laxity
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(statistically only). A recommendation was made for increase of barefoot walking time or the
wearing of soft shoes for the FF sufferers, but no treatment for children with typical FFF was

advised, unless symptoms were severe (110).

A randomized control trial (RCT) with strong evidence evaluating orthotic treatment in children
with FFF showed similar findings. The RCT used 2 types of othoses, but on an older age group
of children between 7-11 years old (53). The orthoses were either ‘custom-made or ready made.
160 children continued to the follow-up and were divided more or less equally into the 2 groups.
Outcome measures used tested their gross motor function, pain (VAS), self-perception (by a
questionnaire) and exercise efficiency (20m shuttle run). Measurements were taken at baseline
and at 3 and 12 months, and in comparison, there were no statistical significant differences in the
outcome measures. Some variables did change over time but in a similar manner in all the
groups, but they were not clinically significant (53). The diagnostic measures used (calcaneal
eversion and navicular drop) seemed to have a poor reliability in this trial, therefore their lack
may have been a contributing reason for the poor results. The follow up was also for only 1 year
which may not have been long enough as even the results for pain relief had no significant
differences between the groups. In a comparative study, a group of children with FF underwent a
rehabilitation program with a mean period of 2.75 years and were compared with a group of
children who have been treated with insoles and special footwear (108). 300 children were
recruited, with the mean age of 3.4, with bilateral FF over a period of 2 years. When the
comparison was made, the percentage of success was fascinatingly higher for the children who
underwent the therapeutic exercises and only 6.3% of them remained with FF post the
rehabilitation, whereas 31.45% of the orthotics group remained flat-footed. The authors

concluded no influence of the use of orthotics on the natural development (108).

Despite the results from those studies which show the non-significance of using orthotic
treatment for children with FFF, there has been some where the opposite has occurred. In
children with another associated condition such as a neuromuscular disorder or orthopedic
pathology, where the FF is more symptomatic or vulnerable to becoming rigid, the use of
orthotics seems to be promising. Twenty-five children with hypotonia were included in a
comparative study between receiving gross motor therapy and orthotic treatment (106). Their

ages were in the range from 18 months to 5 years and they also presented with hypermobility.
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All the children were already receiving GM therapy twice per week for their motor delay
previous to the study. They were randomly allocated into 2 groups, one receiving the GM
therapy and orthoses, and one receiving the GM therapy alone. The group who received both
treatments (n=13) had a significant change in their arch development after 6 months (reaching
the age expected mean for the Arch Index) (106). This is probably because the joints and
ligaments assumed the correct position over time which positively affected the stability and
strength in combination with the exercises. No clear evidence was seen in gait but the GM
therapy seemed to have a bigger effect on gait parameters overall (106). These results oppose
those from other studies that investigated the effect of orthosis on arch development; however
most of these have been done on normal developing children. There is room for future research
to compare the effect of these types of interventions on healthy children with children that have
underlying conditions such as hypotonia which is a common characteristic of Down’s syndrome.
However this study was done using a very young age group (below 3 years of age) with
immature gait, which makes it more difficult to analyze, and also had no control group due to

ethical reasons (106).
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2.3.3.2 Surgical treatment

Surgery is always the last resort option to treating FF cases. In severe cases, arch supports or
short leg walking casts are attempted at first and surgical options are sought out only if they fail
(82). In less severe cases, surgery is only sought out if conservative measures aren’t successful.
From mainly reports, case studies and expert opinions, it’s been stated that rigid FF may benefit
from surgery the most (111). Indications for surgery usually include pain, decrease in activity,
tiredness, decrease/change in activities of daily living and an inability to walk (112), which
mostly occur in rigid or severe symptomatic FF.

Surgical treatments, however, haven’t shown strong evidence in long-term outcome studies and
there is no universally accepted procedure (111). The procedures usually come under one of the

following: ‘tendon transfers, “tendon lengthening, 3osteotomies and “arthrodesis (last resort) (82).

Arthrodesis procedures have been common despite that they score poor outcomes in the long-
term as it causes severe loss of ROM (111). Evan’s osteotomy procedure normally retains
motion and have been good in correcting heel valgosity and forefoot ABD, but as it doesn’t place
an effect on the medial column structures of the foot, combined techniques are often used to
increase support of the MLA (such as tenosuspension). Evan’s technique isn’t recommended for
children below 10 years (111). For the younger age groups, where the foot is still growing
rapidly, it is more sufficient to use soft tissue procedures such as tendon lengthening, especially
since the integrity of the MLA in WB depends on good intrinsic strength which is ligamentous
and bony (113). For cases that can’t be controlled by orthotics or conservative methods,
osteotomy procedures have been used to diverge the loading on the feet from the medial plantar
structures to a more neutral pattern. As this alone doesn’t structurally change the MLA,
combined techniques are used as well and they usually follow Hick’s principle on the importance
of the medial plantar fascia strength (113). The aim is to replace the disrupted fascia by the
medial half of the calcaneal tendon. There’s been a record of several case reports showing
satisfactory results with this technique of children with severe FF deformity and excessive
hypermobility (113).
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2.3.4 Factors influencing FF development

There are many factors that have an effect on the development or maturation of the arch in its
development period, predispose children to having FF, or increase/decrease the likelihood of
having FF. Their importance is sometimes overlooked at in the management of FF. Knowledge
and understanding of the many different factors influencing the feet can increase the insight into

the cause of the deformities, why it is persisting and different injury mechanisms (94).

The factors that increase the risk of developing FF or ones that simply alter the development of
the foot posture should be considered by all physicians’ dealing with foot problems as treatment
plans may depend on them (81). These factors include; ligament laxity, obesity, gender, age,
related malalignments (e.g. rotational), shoe habits (81) and many more. There is still room for
investigation on factors or causes that increase the likelihood of developing FF or on potential
ones that could help prevent the overall deformity from continuing into adulthood which is the
most major concern of parents (81). The most frequently cited factors in the available literature
will be discussed in the forthcoming chapter including the influence of age, gender, associated

conditions and area of living.
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2.3.4.1 Age

In the majority of the studies on flat feet, age is mostly always concluded as a primary predictive
factor. The youngest age groups always have the highest incidence of FF when compared to the
older age groups in any given study, even when age is not the factor being investigated in the

study.

A Congolese study that focused primarily on the relationship of FF and wearing shoes (29),
showed that in the age groups of 3-12 year olds, the proportion of fallen arches decreased with
age, therefore the highest proportion of FF was in the 3-4 year old group. A Taiwanese study that
included 1598 children also showed that the highest prevalence in the youngest age group (3 year
olds) which made up 54.5% of the sample population between 3-6 year olds, which is relatively
large (31). Another Taiwanese study on prevalence that recruited a population of a higher age
group (of 7-12 years old) classified 2083 feet using footprint analysis again concluded the same
results with the highest prevalence of FF in the 7-8 year old group which were the youngest in
that study (26). However, the methodological quality reliability can be questioned in the study as
some variables weren’t controlled. The mean prevalence of the population was 58.7% which is
higher than most studies in older age groups. Many factors such as performance, physiological
knock-knee, laxity and so on were evaluated on their relationship with FF in another Asian study
from Southern Taiwan, where age was also included as an investigated factor (33). There were
377 children included, ages 2-6 (preschool period) and according to their results, 57% of the 2-3
year olds were classified with moderate to severe FF, 40% of the 3-4 year olds were classified
with the same and only 21% of the 5-6 year olds were in the same degree of severity group (33).
This shows a clear decrease of the FF proportion between the age groups, with the highest being
again in the youngest group. There were also quite significant differences in the number between
the ages, almost 20% less per 2 years of increasing age which may imply an important
connection to the largest developmental phase of arch maturation in those years. To deviate from
Asian populations, an Austrian study evaluated 835 children between 3-6 years old for cofactors’
age, weight and gender effect on the FF diagnosis (32). The German ORT association
classification was used here for classification. The prevalence decreased with age considerably,
with 54% being in 3 year olds and 24% in 6 year olds. The range of valgosity angles was also
lower in the 6 year olds. These values described the prevalence of FFF only as the prevalence for
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pathological FF was less than 1%. Age was concluded as a primary predictive factor in this study
(32).

As continuously shown the prevalence of FF does decrease with increasing age. From the results
being conclusive in majority of the studies done worldwide, it is unlikely that the race or
ethnicity affects this factor; however they can affect the percentage of prevalence. Whether the
research was using a population of children from Europe, Africa or Asia and so on, the results
are nevertheless the same when it comes to seeing the effect of age on the FF incidence. Those
results should not be surprising knowing the natural history of the arch maturation stages and
that the younger age groups are in earlier developmental phases whereas the older age groups
have spontaneously and gradually resolving FF. This proves the importance of knowing the age
of onset and age of child in examination; if the age of the child is below 6 years of age it brings
the question on whether to treat the children with FF in their preschool period or if the treatment

wouldn’t be effective or beneficial as it is a relatively normal finding.
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2.3.4.2 Gender

It has been repeatedly reported that boys have a higher tendency for flat feet than girls. The
reasons are still not fully understood however research proved that it is because of a generally
slower development that occurs in boys in comparison with girls as mentioned previously on

arch maturation (12).

A Taiwanese cohort with a 1 year follow-up on the change of FF in children mentions a strong
gender difference noticed. At the study’s follow-up, boys had the majority of FF than girls (25).
An Australian population of 835 children aged 3-6 were evaluated along with cofactors such as
age, weight and gender and according to them, boys also had a higher tendency to having FF
(32). Similarly, the previously discussed Taiwanese and Congolese studies on the relationship of
age, have also found results for a gender relation all resulting in boys having a lower MLA in
comparison to the girls (26, 29, 31). One of them even displayed a large difference where the
number of boys with FF was 2x more than the girls, regardless of the age (26). These results are

consistent with many other works.

A Spanish study with the purpose of investigating overweight and obese children (of 9-16 years
old) and their weight’s influence on FF also resulted with boys showing lower MLA heights
when compared with the girls, regardless of the weight (94). An investigation exploring the
epidemiological factors that influence the height of the arch in an older age group of Polish
children (7-15 years) showed results that were in agreement, even for a European population
(12). It however compared the genders within different areas of living (urban or city), but also
regardless of which area the children lived in, boys overall had a lower MLA height than girls
(12).

The Polish investigation saw changes in arch height and growth even after 12 years of age, this
shows that the gender comparison even at older ages still showed that development does in fact
occur at a slower rate in boys than in girls. Also when comparing all the studies mentioned, boys
do tend to have lower MLA heights regardless of other factors, which makes it an independent

influence on FF.
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2.3.4.3 Ligament laxity

The MLA integrity is relied upon the soft tissue structures supporting it such as the ligaments,
tendons and also bony support, more than the muscles surrounding it. Since diagnosing FF uses
the height of the MLA as its main reference, and that the MLA structure has the highest
variability in the foot, a direct relation of ligament laxity and the height of the arch can be
summed up (86, 94). FFF is said to be caused by, or be a part of a generalized manifestation of a
ligament laxity (14, 30). Children with hypermobility and higher ligament laxity have weaker
ligaments and therefore more unstable joints and for that it may even cause a delay in walking
(106). Hypermobility in children is most often measured using Beighton’s scale. The scale
records the presence of hypermobility at the wrists, 5™ metacarpal phalangeal joints, the knees,
elbows and LS spine (forward flexion) and it scores using a 9-point rating, where hypermobility
is considered positive when the score is minimum 5/9 (99). A higher ligament laxity may be
from an underlying condition, or just congenitally. In children with atypical development such as
a developmental syndrome, the presence of FF is unlikely to decrease with maturity, as children

with normal and healthy development (106).

There was a study done in Turkey on primary school children to examine some factors that are
related to FFF (30). 519 children were included with a mean age of 9 years. Factors such as age
and gender were analyzed as well as ligament laxity. In the severe and moderate FF group, the
percentage of the children who were hypermobile was 27.6%, which was considerably larger
than the non-hypermobile children with FFF, which was only 13.4% (30). Girls had a higher
tendency to hypermobility and having FF in this study, which is contrary to previous gender-
related studies mentioned earlier (30). A study made in Taiwan had a similar aim for
investigation (31). A larger population sample of 1598 children was used and more factors such
as obesity and W-sitting habit (first study to analyze this factor) were analyzed. 599/1598
children suffered from bilateral FF in this study, with the prevalence being the highest at 3 years
of age (54.5%), and also with boys having a greater tendency to FF. As for the joint laxity
results, 46.7% of the children with FF were hypermobile, which is a considerably large portion
of the sample (31).

In India, an investigation on the influence of footwear on foot morphology also noted the

influence of laxity (36). It consisted of an older age group of children (4-13 years old) and 2300
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footprints were analyzed. After classifying the feet, only 154 revealed flatness which gives a low
prevalence of 6.7% in this region. Ligament laxity was detected in 14.4% of the children with FF
here (36). It is lower than Asian and some European populations too, because of the differences
that exist in culture and genetic predispositions. In the South Taiwanese study that focused on
illustrating the correlating factors of FFF with the highest clinical significance in preschool
children (n = 377), the most common findings they recorded from the children under the
moderate-severe FF group were; increased weight, increased ligament laxity and shorter height
(33).

If laxity is in fact a factor not only affecting the development of MLA but affecting the
prevalence directly also, then differences with race would show. Different races have different
laxities; Asian children, as seen from the research, are more lax than Caucasians. In a prevalence
study (Cheng et al), it was shown that in a population of Chinese children, 100% of the 3 year
olds were lax, but this decreased with age (15). Also the Indian study mentioned showed a very
low prevalence of both FF and hypermobility in general when compared with the results of the
other studies. The 1 year follow-up cohort study that was done in Taiwan of children aged 3-5
also had included laxity (as measured by Beighton’s score) as one of the significant factors
evaluated (25). The prevalence of FF after 1 year decreased by 14%, however, 62.4% of the
children who started with FF remained still with FF and a large portion of children in this group
were joint laxity sufferers, along with kids that were younger and overweight (25). This may
entail that children with joint laxity don’t necessarily follow the physiological arch development
as non-hypermobile kids do and that it may increase the likelihood of ‘keeping’ the FF deformity
for long-term. An example of this was the Turkish research that determined the prevalence of FF
in children of an older age group (mean age of 9 years) mentioned earlier in the chapter where a
large difference was seen when comparing the percentage of children who were hypermobile

with FF and the ones who were non-hypermobile with FF (difference of 14%) (78).
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2.3.4.4 Overweight/Obesity

Many reports that evaluated a number of factors stated similar findings where obese or
overweight children have a higher prevalence of FF than normal or underweighted children.
There were no significant differences in cultures or where the studies were done, the results had
always been in agreement. Obesity has weight related problems such as discomfort and pain in
walking, malalignments of lower extremities but very frequently FF also (94). This is largely due
to the fact that an increased weight equals to an increase on loading stresses on joints,
specifically to the feet in stance, and from that grew the assumption that the weight of a growing

child can largely influence the development of foot posture.

In a previous reference to a Taiwanese study on prevalence of FF, of the children that classified
with FF, a large number of them were overweight, and the underweighted children had even
lower odds than the normal weighted children to having FF (26). Children whom are overweight
were also commonly found to be in the moderate-severe FF group in the other similar Taiwanese
study which evaluated preschool children (33). The follow-up cohort study that was referenced
several times already similarly revealed a higher chance of having FF and remaining with it if the
child is overweight (25). In an Australian study, the results are also compliant, as out of the 835
children in preschool that were examined, the percentage of over-weighted ones with FF was
51% (32). Also, 62% of the obese children had FF, and only 42% of the normal weighted
children had FF (32). This demonstrates a probability of having FF being 3x larger if the child is
overweight/obese than normal weighted.

A unique German study that sought out to inspect the influence of body weight on foot
development revealed five different foot profiles that existed in their population used (34). The
profiles were created using a cluster analysis of all the variables measured from a 3D foot
scanner. The age group was between 2-14 years of boys and girls (1450 and 1437 respectively).
The foot profiles discovered were: VFF, Pslender feet, Probust feet, “short feet and *long feet.
The children with the highest BMI’s had robust feet profiles which consisted of average arch
heights. Within the FF profile, the overweight children were the most frequent. The overweight
children also had more short feet than the normal weighted. The children whom were

underweight had a lower prevalence of FF at an older age than the rest of the sample. This brings
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about a question to whether if less mass leads to generally, a better development of the arch or

not.

When looking the at the FF profile however, the BMI was only slightly increased and the
differences weren’t as expected therefore it became questionable to whether the FF in obese are
from lower MLA’s or from the presence of thicker fat pads (34). It has been suggested that the
fat pad remains longer in obese children, imitating an adaptive response as protection against the
excess stress that’s created by the increase of body mass (26). An attempt to answer this was
seen in a study that considered the fat pad of obese children, where an ultrasound device was
used to measure its thicknesses of overweight and obese children and normal weighted children
(controls) (100). There are no significant differences in the thickness of the fat pad between the
groups. Their conclusion implies that the MLA is lower in children with a higher BMI because
of the increased load that is placed on the foot and that they also have larger foot dimensions (i.e.
‘Robust feet’). The study was however done using a small sample of only 19 obese/overweight
children and 19 controls (average BMI), so the results may be different in a larger or more
accurate sample. However the measures used were reliable with the use of a control group
therefore it should be taken into consideration. In a related Spanish study, that was previously
acknowledged, which assessed the MLA of children with obesity, the results revealed significant
differences in the obese group (after a comparison with normal-weighted children) showing
much lower MLA heights (94). The direct measurements came from the use of radiographs and
the parameters displayed a high incidence of FF suggesting that changes in the footprints of the
obese children are because of the changes in the osseous structure of the MLA and not the
presence of the fat pad, as seen clearly on the X-rays (94).Those studies, therefore, in
combination can provide a reliable conclusion that the flattening of the arches in obese and

overweight children are from structural changes rather than from a thicker fat pad.

To examine the effect of weight on dynamic function of the foot, a study using dynamic
variables was done. It employed 17 obese/overweight children with matched control subjects
(101). The average age was 4.4 years. The main concern was that continued stresses, such as
those that come from increase in weight, could cause structural changes in the foot, indirectly
affecting the development. It is still unknown what the threshold is for causing potential tissue

damage in the midfoot of growing children (101). The results revealed significant differences in
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the contact areas and peak pressures which were overall higher in the obese, specifically in the
midfoot region. The most significant difference between the groups for the force-time and
pressure-time integrals were only significant in the midfoot region and not the others, concluding
the midfoot region being most affected.

Another interesting study from Germany on the topic of obesity in children had classified 3
different loading types on the feet and tested their effect on foot function and plantar pressure
distribution (28). The 3 types of loading were divided to temporary, short or long-term loading.
Plantar pressure variables were taken along with pressure force data. In static conditions the
obese had increased mass on the soles of the feet but had it distributed over a large surface area
therefore no significant affect on peak pressures were seen. However in dynamic loaded
conditions, the peak pressures were much higher than in unloaded conditions and there were
higher peak forces too, in the obese group. The long-term simulated mass influenced the contact
area, having it highest under the forefoot (27). This brings a concern as this region is susceptible
to injury as it is made up of smaller bones, and a long-term excess stress, like in obesity, on these

joints can cause harm.

In contrary to the majority of these studies, there is a record of one from Australia which
presented the opposite results and found a relationship between FF and weight that was inverse
(meaning that heavy children showed less flat feet) (114). It had recruited 140 children from ages
7-10 years and used the FPI-6 as the diagnostic method. 31/140 children had FF and so the
anthropometric values collected of foot dimensions were compared with the non-flat-footed.
From the contradicting findings in this study, it may mean that a more standardized approach and
larger sample is needed to verify its reliability or may be because of the different methods used
for classifying obese/overweight children and classifying FF.
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2.3.4.5 Footwear

A systematic review researched what is available in literature on shoes effect on gait (115). Their
criterion was to compare children below 16 years old that go barefoot, with children whom are
shoe wearers. The review’s main conclusions showed that with shoe wearing, 8/9 motion
variables measuring foot motion are decreased, and that the only motion variable that increases
with footwear is subtalar rotation. There is also a decrease in muscle strength with the wearing of
shoes, along with a decrease of intrinsic muscle activity. The motion of the hallux is also
significantly decreased, which may be why there is a decrease of windlass mechanism occurring,
which inadvertently decreases the raising of the MLA (115). Many studies have proved the
relationship that exists with the wearing of shoes and an increase of likelihood to developing FF
and it has been one of the main factors researched in pediatric foot care. The reasons may be due
to, as above mentioned, the decrease of intrinsic foot muscle activity and decrease of
proprioceptive information received by the foot in locomotion when wearing shoes, indirectly
affecting the foot posture and arch development as the structures’ support functions start to lack

in strength.

A literature review showed the effect of being barefoot from a collection of studies from
different populations such as the Philippines, Central Africa, Belgian Congo, natives of the
Soloman islands and Chinese natives (116). All the results were consistent with the same
findings showing that the unshod foot has excellent mobility and flexibility, thickening of the
plantar skin and variability of the arch height with absence of static deformities. The review
recommended that shoes for children should be based on the barefoot model.

In a Congolese study, 1851 children were recruited for research on the relationship of FF and
wearing of shoes (29). This is in connection with the urban and rural areas as in the urban areas,
shoe wearing is more common than in rural. The age range was from 3-12 years and the
footprints were used for analysis. Results showed that the urban population in general had a
higher proportion of FF. The most significant difference was in boys who wore shoes and those
who didn’t between the ages 5-12, with a higher MLA height being in the ones who didn’t wear
shoes (29). African children have a habit of walking barefoot, and this could be the reason for the
increase of the MLA height in comparison with some European studies (29). The results

correspond with other studies where FF was more common in children who wore shoes. In one,
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2300 footprints of Indian children, aged 4-13, were investigated (36). 745 children never used
shoes, where in some parts of India, this is common. There were only 154/2300 feet that were
flat which equals to a low prevalence (6.7%), therefore generally the incidence in the population
is low for FF, whether or not footwear is worn (or could be a result of the fact that they don’t
wear shoes from such a young age). 1555 children worse some sort of shoes, 1551/2300 had
normal feet and 594 had high arched feet. However in the population who had FF, there was a
significantly higher prevalence in children who wore shoes than the unshod (8.6% to 2.8%
respectively) (36). There was also the highest concentration of FF in the 6 year olds who wore

shoes, which may imply a critical age for arch development below 6 years of age.

When it comes to the type of footwear, this may also be significant, as it is said that closed shoes
inhibit the development more than sandals and slippers and this may be due to the decrease of
the use of intrinsic muscles in the feet in closed shoes, and that in sandals there is an increase in
activity to keep the slippers from falling off (36). This is shown in another Indian study
performed (117). A survey was used of 1846 persons over the age of 6 (mean age of 28.8 years).
Only 54 of the subjects had FF (again a low prevalence of 2.9%). 30 of them had recalled their
first shoe wearing before the age of 5. 17 of them had started between the ages 6-15 years and
only 1.75% of them had started after the age 16 (117). Of those who had footwear before 6 years
of age, the ones who used shoes for more than 8 hours per day had a much higher prevalence.
This study shows interesting results with these relations (117). However because it had used a
survey, being a recall of events, it could mean that exaggerated or incorrect information can
occur but the subjects were blinded in the trial and for the majority of the time, the year they

have started wearing shoes is an event that is not easily forgotten in their cultures.
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2.3.4.6 Other factors
It has been questioned as to whether FF affects the physiological performance in children or even

whether the physical activity and amount of it affects the development of the arch or not.

A study exploring the epidemiologic factors affecting arch height attempted in investigating this
relation (12). 60 children were analyzed, aged 7-15 years and their physical activity was
measured by a detailed questionnaire. 16 of the children with FF had high levels of physical
activity, but 38 with FF had very low levels, therefore inactive children do have a higher
prevalence. This has also been previously related in reports to obese children and how being
inactive predisposes to FF from a decrease in muscle/strength and tone and consequently an
increase in weight, but also that children who are obese or overweight participate less in physical
activity in general and therefore also increase the likelihood of a slower or improper
development. Another study that examined the effects of FF on muscular performance asked the
children (n=377) of their study to perform 6 tasks: squat to stance, raising on heels as many times
as possible, keeping a toe walk, walking on the heels, standing on one leg, and hopping on one
leg. After comparison of the children with moderate-severe FF to the normal-mild FF group, the

tasks’ results showed obvious lower scores for the children who suffer from FF (33).

The epidemiological study also included the difference between those living in rural or urban
areas (12). In the rural areas, the arch height increased with age by 80% in the active boys and
145.4% in active girls. For the same age groups but in the city population, there was still an
increase for active boys and girls with age but it was much lower, being 33.5% and 96.8%
increase respectively. In urban children, arch height was 26% lower than in rural areas (12).
These results may be because of the reason that in rural areas, children may be more active than
in the city areas and also that they are more often unshod in rural areas in comparison with urban
areas. According to another study on the prevalence of FF, a relationship between FF and the
social level of the children’s families was found (35). There was a significant decrease in
prevalence of FF in the lower and lower middle class families. This may suggest a strong
connection with these classes related to them being more active, or perhaps less able to provide
shoes at a very young age so remain unshod for longer. One study researched the effect of
nutritional status on prevalence of FF in school aged children (n= 500, 6-12 years) living in

urban and rural areas (118). After the data was collected and the classification was done, there
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appeared to be a significant prevalence of FF between rural and urban living children being
18.2% and 32.9% respectively. The nutritional status of the urban children was also higher (118).
BMI in this study was a primary predictive factor, including age too.

FF is also often associated with postural knock knees (PKK) (111). The investigation on factors
influencing FF in preschool children also presented in their results that children with PKK had a
higher tendency to FF because of the position of the knee indirectly placing the ankles to a more
valgus position (33). However this relation may also be vice versa as the pronation of the foot
realigns the counter ground reaction forces at the calcaneus and by this, cause the developmental
knock knee position (111). In the influencing factors study, 61% of the FF group had PKK,
which shows the strong connection of the knee position to the feet, never minding which one of
them is the actual cause (33). However it is important to note that the presence of PKK will more

likely mean a presence of FF deformity.

It’s also been reported that habitual sitting or sleeping positions of children can affect the lower
limbs and cause deformities (21). The frog leg position can cause an ER deformity in the hips
and tibia which can lead to pronation of the feet. Similarly, the W-sitting (hips in IR with knees
in ER) position too can affect the position of the feet through increase of femoral anteversion
(21). There’s one apparent study that sought to evaluate the influence W-sitting habit, amongst
other things such as age and gender, on the development of flat feet in children aged 3-6 years.
The results showed that out of the 1598 children included in the study, only 17.3% had a habit of
sitting in the W-position but that the highest proportion of them were in the group diagnosed
with bilateral FF. The result was also significant in the group diagnosed with unilateral FF. The
conclusion was that it is probably influential in this way because of the extreme valgus position it
places the foot in, along with abnormal ER of the tibia and IR of the hip (31). An abnormal ER

position of the tibia has been shown to be related to the nature of FF.

Some other known factors are of related disorders that can predispose children to FF, and not
only those who are obviously pathological such as a rigid ORT deformity but those that affect
the entire musculoskeletal and motor development in general such as spasticity in cerebral palsy
or hypotonia (acquired or congenital) which additionally cause a motor developmental delay.
Hypotonia is very often associated with FF, and is detected earlier than foot posture becoming
relevant (85).
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There are many factors that influence the arch development in a growing child. On these issues
that can affect the development of FF, it is most useful to look at the factors that could respond to
an external effect and be easily changed to influence the development positively. These include
factors such as obesity, shoe modifications or shoe wearing, influencing the weight and muscle
strength and factors that are not as easily altered or impossible are those such as ligament laxity,

genetics and gender (85).
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3 Discussion

Physiological pediatric flat foot presents with the high amount of variability, and is seen to cause
alterations in gait and either spontaneously resolve or continue into adolescence. The prevalence
estimate of having FF for preschool children is around 45% and 15% in children with the mean
age of 10. Despite the amount of research, because of the lack of a universal criterion for
classification or defining flat feet, especially in children, it is still difficult to draw conclusions of
what is considered ‘normal’ development. Another area that makes this deformity’s evaluation
complex is its multi-factorial etiology. Flat foot is more of a presentation of a deformity that

belongs to a broader clinical unit because it has many factors contributing to it.

Regarding the foot in growth and development of children, many studies exist on the differences
of foot posture and gait between different age groups of growing children in order to gain
normative values to aid with identifying abnormal from normal development. The variations and
ranges of these changes and when they occur have shown to be clinically important when
treating children, as it supports the knowledge of when to apply treatment or when not to, and to
also distinguish abnormal from normal developmental variations. For example, in younger
children, gait deviations are a consequence of the typical torsional variations that are a part of the
process of maturation. Foot deviations like flat foot are also a consequence for the same reason.
With that in mind, their clinical significance therefore is questionable as they are known to
neutralize their positions with age. It is therefore important to know the whole spectrum of the
lower extremity changes and their order to make a concise evaluation and therapy plan if
necessary because problems in gait in the long-term can lead to LE pathologies later on in life
and if a suspected deviation seems to be persisting longer than ‘normal’ then an intervention is

more likely to succeed if it is applied early.

FF in a healthy developing child corresponds to lack of muscle strength, CNS maturity, growth
of foot structures and ligament tightness. It is usually a physiological flexible foot type that
corrects itself with age. If optimal developmental conditions of all these factors aren’t met,
especially in the critical developmental age, it is more likely to progress rather than resolve. The
primary and most rapid age of arch development is between 4-5 years of age in accordance with
an increase of postural control, more availability of muscle activation patterns, resorption of the

fat pads under the medial soles and fusion of the secondary ossification centers in the feet. More
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mature gait patterns also emerge around this age correlated with walking experience. A second,
but slower period of critical age for arch development is seen between 5-6 years of age. After 6

years, the development continues but remains on a plateau.

The arch maturation doesn’t depend only on the maturity of the musculoskeletal system, but
appears to be due to the interaction of all the systems that affect the foot complex and allows it to
maintain the arch through some compensatory mechanisms. Foot abnormalities are often blamed
for a delay in motor development however children with a healthy maturation profile with
deformities still perform well in gait and activities. If the vice versa would occur, as in having a
disorder that delays CNS maturity or affects the rate of growth or muscle control, a delay in the
arch maturation is likely to occur and categorized as non-physiological. Correcting the foot here
will only help functionally and not correct the motor delay as the foot posture development in

this case is the reflection of the integrity of the CNS and cannot directly affect it.

The foot arches begin to develop at the onset of walking, when there are applied loading changes
over the feet. The arch volume has even been seen to increase in volume with increasing of age,
especially in the first 2 years of walking experience. This developmental initiation is due to the
effect of mechanical forces within the foot that are needed in order for the foot bones and
structures to adapt and change to resist them. This is an example where function plays a major
role in changing structure. However, if the loading is not within a biological range, (from
activity, weight of the child and other factors), duration and direction of the force may negatively
affect the growth. This proves a strong relation between the incomplete ossification that exists in
a developing child, and the presence of flat feet. As the bones provide the base of which the
passive support attaches to, when they are still developing the foot remains mobile and the
ligaments lax therefore the vulnerability of the foot in this age to deformity and injury is

relatively high.

Regarding the implications of foot in posture and gait, many studies exist on investigating the
relationship between the two. For optimal function of the LE, normal alignment and
biomechanics of the foot arch is necessary. All the functions of gait such as the need for the
adaptation of the feet to different terrains, propulsion of the body forward in movement and

support of the body weight, require the support and function of the medial longitudinal arch. This
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raises the importance of the flat foot being more functionally important, than statically and that it

always should be defined in those terms.

The height of the MLA is supported by passive and active components. The passive components
consist of the ligaments, fascia, and tendons that play a role in elevation of the arch. The active
components are the muscles that support the arch, especially in dynamic conditions. The tibialis
posterior has been revealed as the most significant muscle involved in the elevation of the arch
even when the passive structures are compromised. A dysfunction in the muscle has also been
related to acquiring flat feet in adulthood. Inverter muscles in flat feet are found to be much
higher in activity than in normal arched feet, resulting in weakness and lower activation from the
lateral compartment muscles (the everters, such as peroneus longus). The increase of activity in
the inverters may be explained by the fact that compromised passive structures of the feet require
their actions to support the body weight in movement, or that the muscle are placed in
compromised position of higher stresses from the flat feet. The precise reason for which causes
which is not known, but many links regarding the feet have the same controversial relationship
because of the foot being the lowest part of the kinetic chain where it can be influenced from the

above proximal areas, or vice versa.

The majority of the studies found on the differences that lie between the flat footed or normal
arched evaluated kinematic parameters alone. Moreover, the majority of these studies are on the
adult population. Further studies investigating both kinetic and kinematic parameters are required
as the role of the muscles and their effects should be made more known on how it influences the
LE extremities as a whole. Different arch heights use the muscles differently and cause different
tensions and change in the biomechanics of the lower extremity. Many of the symptoms that
arise from flat feet relate to the imbalance of muscles which lead to malalignments in posture and
the cause of injury or pain, especially in adults where overuse and fatigue symptoms prevail.
Future studies, of longitudinal designs, with interventions directed at muscles that support the

arch and their effects on treating or preventing flat feet could be an area worthwhile focusing on.

The presence of flat feet does in fact alter the lower extremity biomechanics and gait in children,
whether it is asymptomatic or not, it is a structural change that has a high influence on the
function and dynamics of the LE. The effect of flat foot on calcaneal and forefoot movements are

the most clearly noticed. Many studies also displayed common kinematic differences between
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children with or without FF such as; walking at a slower pace, less stability, increase of plantar
pressures in forefoot and midfoot and the effect is has on proximal limbs such as tibial IR, knee
valgosity and hip F however temporo-spatial parameters are usually quite similar in both
populations. Because of the proximal limb changes that flat feet have the capacity to cause, there
is a connection of the deformity to LE pathologies, injuries, and low back pain later on in life.
There are an increasing number of studies looking into this connection but they mainly include
adult populations and also present the outcome after immediate or short-term intervention. Long-
term outcomes would provide more accurate and beneficial information revolving around this
topic and also the use of patients whom are symptomatic instead of healthy or asymptomatic
individuals would allow a greater insight into the adaptation strategies and compensations of gait
and posture that flat footed individuals use to cope with their difficulties in comparison with the
asymptomatic. There is also a lack of these types of studies in the FFF children population.

Regarding the treatment of flat feet in children, a good base of evidence stems from a number of
systematic reviews, CPG’s, RCT’s and expert opinions. A controversy still exists however on
when to treat flat feet, whether it is necessary or not, and how. There has been very little
evidence on the use of conservative treatment and modifications of the contributing factors and
instead the majority has focused on the use of orthotics. Poor methodological qualities were
noted from the studies that challenged the use of orthoses versus the use of a rehabilitative
program and the shortness of long-term follow-ups produced a lack of knowledge on what
treatments are actually effective or not. There has been, on the other hand, a good record of
outcomes related to the use of orthotics in individuals with rigid FF. There is also not enough
strong evidence on long-term outcomes of surgical treatment because of lack of longitudinal
studies but as a general rule, surgical intervention is always the last resort of treatment after

conservative has failed, and should be limited to symptomatic rigid FF.

The factors that are known to be contributing to FF should all be questioned in diagnosing and
treating children with FF, as they have the power to provide very important information
regarding the status of FF, its severity, and its possible outcome in the future. There’s no
shortness in studies that have established and discovered the most significant correlating factors

in regards to foot development in children and those range from epidemiological factors to
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intrinsic factors. However, there aren’t many studies to name on their continued influences and

their impacts on persistence of flat foot after the development.

Age is a primary predictive factor of flat foot as the younger children always have the highest
prevalence which is a mere reflection of the ascending maturation. However, this is true for the
developmental period but there have been records of the incidence of flat feet increasing after the
age of 10 again and then fluctuating, in healthy developing children. This shows that the
development of the foot region is still an ongoing process in these older children and that they
are still being influenced by external or internal factors that could have been addressed at an
earlier stage but instead possibly overlooked at from the known expectation of that FFF
spontaneous resolves of with age.

Another factor that has been noted as independent to the presence of flat foot is ligament laxity
which may be congenital or acquired. All the studies that have evaluated hypermobility in
children, and the rate of FFF have concluded strong correlation. Laxity is a factor that affects
prevalence also as differences exist with the ethnicity and race of the population. It is also worth
mentioning that even though studies have presented boys to having a higher tendency towards
flat feet and a slower rate of development in gender, females have been presented to more likely
suffering from hypermobility and being prone to injury than boys.

Many reports have also concluded that a high BMI correlates with FF. It comes to no surprise
that being overweight or obese leads to more flattening of the arch than average weighted
children. There are higher abnormal stresses and loads on the feet from increased weight that
cause structural changes in the feet over-time and these include flattening of the arch from over-
stretching or intrinsic damage. The foot during the growth period is very susceptible to deformity
and injury therefore the highest risk of developing permanent flat foot from the abnormal stresses
of obesity is possibly below the age of 5 when the joints of the foot are still undergoing fusion.
From the literature reviewed, there appears to be a striking importance of footwear on the
development of FF. Motions in the foot are limited with shoe wearing and this indirectly results
in a decrease of intrinsic muscle strength activity and decrease of the windlass mechanism in
effect because of limited toe movements. There is a clear increase of likelihood in developing FF
from early shoe-wearing because of these reasons. The greater part of the studies investigating
the links of FF to urban or rural living always repeats that the rate of FF is much higher in the

urban where shoe wearing is common, along with decreased levels of physical activity and
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external stimulation. The unshod population show very low incidences of FF, especially in
African populations. Also, the studies that have compared children living in urban and rural areas
show a decrease of FF presence in the rural areas within the same age group comparisons as
well. This proves that perhaps the development rate of the foot is higher in the unshod and rural
populations because of the stimulation it receives from the ground and the increase of strength of
the muscles. Further studies on different types of footwear comparisons need to be addressed to
expand the knowledge on the best footwear to be used for growing children but it is until now
recommended for children’s footwear to be based on the barefoot model. Whether the studies
were examining the wearing of shoes or not, urban living children in general had a higher FF
proportion than in rural living children which confirms the influence of other factors playing a
role in the development of the arch.

Physical activity may explain partially for these differences. Children who have high levels of
physical activity have been seen to have higher arches than those with low physical activity
levels. Inactive children do have a higher prevalence in FF but this relationship may be bi-
directional as the presence of FF has lead outcomes of poor performance in activities in
comparison with the normal arched. This can be explained by the decrease of muscle strength
and tone in the inactive children that leads to FF, or the decrease of strength because of the
deformity consequently resulting in decreased activity. The primary conclusion is that
participation in sport and activities for the increase of muscle mass, strength and stability should
be encouraged from a very early age especially in the preschool children where they become

more engaged in play.

What can be concluded from above is that there is no independent factor contributing to FF
development as there are always more than one involved, or in relation with another. All the
above mentioned factors may influence the foot development in the growth period of a child,
therefore it is important to know how they may influence it and if they could be altered or not, to
maximize the effectiveness of the management of FF in children, especially because both
extrinsic and intrinsic factors will always influence the foot posture even after the age of arch

maturity and will play main roles in persisting flat feet.
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4 Conclusion

Many studies exist on the differences of foot posture and gait between different age groups of
growing children and adolescents in order to gain normative values to aid with diagnosing
abnormal from normal foot types. Those attempt to aid in management of the flatfoot and
making clinical decisions. There is a lack of strong evidence for the long-term outcomes for
treatment and management of FFF, surgically or conservatively and further longitudinal studies
are needed. The majority of the studies that exist on the link of foot posture and the lower
extremities are related to adult populations and there is room for further studies in the pediatric
populations. Many studies found identified and correlated factors that are significant to flat feet
development. However more studies are required on the differences between symptomatic and
asymptomatic populations with regard to these factors. There was no sufficient evidence and lack
of literature on the persistence of flat foot from preadolescence including its prevalence,

contributing factors and theoretical concepts behind it.

Adult flat feet appear to be more from musculoskeletal origins than any other. Most symptoms
that arise are fatigue, overload and/or overuse of the muscles and the presence of muscular
imbalances. They also have an increased risk in their deformity becoming severe and disabling if
not corrected. The majority of adult FF are residues of the pediatric FF condition that progressed
into adolescence. This proves that there is room for increasing knowledge in the management of
FFF to prevent the ‘keeping’ of the deformity in future, rather than focusing on treating or curing

it only when necessary, i.e. when symptomatic.

The incidence of FF in children after the age 10, which is after the ‘developmental period’ has
ceased, remains surprisingly high. Research also shows that some of these populations
demonstrate large functional limitations and presence of symptoms which increase the risk of the
deformities continuing into adulthood and becoming more severe. Only a few studies, to date,
have been cited regarding that and there is a vast lack in analyzing children between the ages 10-
15 on this matter. Comparisons in most studies are usually made between the normal arched
children and the flat-footed, or made on the basis of examining only flat-footed children and
concluding outcomes of specific tests and their similarities. | believe that further studies

including those age groups, however with comparisons made between an asymptomatic group
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and a symptomatic, with a correlation of all the possible factors that may influence the foot
posture such as their developmental profiles, height, weight, age, gender, footwear and so on,
would provide much more beneficial results in understanding the persistence of flatfoot and also
provide a basis of treatment strategies that could involve modifications of these factors. They
would also provide useful for the younger children in the critical ages of development, where
optimal conditions are most preferred, in the prevention of symptomatic flat feet. With the
knowledge and modifications of some factors such as the weight, activity level, footwear, bare
footedness, muscle strength and even habitual positions, maintenance of a physiological arch and
prevention of future disabilities could be applied without the need of special interventions. The
knowledge of the intrinsic factors that are more difficult or impossible to alter such as family
history, hypermobility and gender also provide useful knowledge as to what to expect when
managing FF, for example hypermobile children are more likely to remain with FF when they
are older than children who are not hypermobile, therefore special attention should be given to

those diagnosed with hypermobility from an early age.
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Figure 1. Bones of the (left) foot (10)
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Figure 2. Foot motion planes (9).
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Figure 3. Truss model representing the MLA of the foot. The 2 struts (bones of the feet) are connected at the
base by a tie rod (plantar fascia) (9).
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Figure 4. Support structures of the (right) foot and arch (10).
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Calcaneal valgus

Meutral

Figure 5. Calcaneovalgus and calcaneovarus positions illustrated (10).

o
S

Calcaneal varus

L/3

Fig. 4. Graphical illustration of footprint length division into three equal
areas for the calculation of Al (L/3). Al the ratio of the area of the
middle third of the toe less footprint to the total toeless footprint area
(M/(F+M+R)): in which Al Arch Index: F, forefoot area; M, midfoot
area; R, rear foot area.

Figure 6. An illustration of the Arch Index (17)
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Figure 7. Illustrations of a) Clarke’s angle = a, b) CSI = B/A x 100%, c) Staheli’s index = B/C x 100% (17)

Fig. 2. Graphical illustration of lines used for the calculation of SI. SI=b/c:
in which (SI) Staheli Index: (b) minimal width of the MLA’s area: (c)
maximal width of the heel print, being (c) parallel to (b).

Figure 8. lllustration of Staheli’s Arch Index (17)
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Fig. 1. Graphical illustration of lines used for the calculation of CSL
CSlI=b/a: in which (CSI) Chippaux-Smirak Index: (a) maximal width of
the metatarsal print: (b) minimal width of the MLA's area, being (b) parallel
to (a).

Figure 9. An illustration of the CSI (17)
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L »

Fig. 3. Radiographic parameters defining MLA measured on standing lateral X-ray. CIA. Calcaneal inclination angle: H/L. height to length ratio:
CA-MTI. calcanealfirst metatarsal angle (from Saltzman et al. [23]).

Figure 10. Radiographic parameters on a lateral x-ray to define the MLA (93)
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_Angle 1

Figure 11. Radiographic parameters, a) Talus-first MT angle, b) Calcaneal inclination angle (93).
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Figure 12. Outline of main points for diagnosing FF in children (adopted from a clincal practice guideline, 90)
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PEDIATRIC: Flexible Flatfoot
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Figure 13. Pathway to diagnosing and treating pediatric FFF (adopted from clinical practice guideline, 90)
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Figure 14. Summary of phases of the gait cycle and its LE components (47)
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Figure 15. Relationship between muscle tension and load (60)
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(A) B)

Figure 16. Schematic representation of the proposed chain reaction of the upper segments to induced
hyperpronation (71)

99



Appendix 11

Table 1. A foot type classification scheme (93)

Foot type classification scheme based on Root et al. (from Song et al. [28])

Biomechanical examination

Planus

Rectus (normal)

Cavus

Resting calcaneal stance position (RCS)
Subtalar joint neutral position (SIN)
Forefoot to rearfoot alignment (FRA)

RCS =4° valgus
Not relevant
FRA =>4° varus

2° varus < RCS <2° valgus
2° varus <SJIN <2° valgus
2° varus < FRA <2° valgus

RCS=0° varus
SIN =4° varus
FRA >4° valgus

Table 2. Criteria for classifying feet based on structure and alignment (93)

Criteria for classifying feet into different types based on a combination of characteristics of structure and alignment (from Sneyers et al. [30])

Forefoot to rearfoot alignment

Forefoot varus

Neither varus nor valgus

Criteria for classification Planus Rectus (normal) Cavus
Arch height Low Normal High
Leg to rearfoot alignment Heel valgus Neither varus nor valgus Heel varus

Forefoot valgus

Table 3. Three kinds of analysis distributed according to age group (adopted from study 95)

Age

3 years (n=440)

4 years (n=782)

5 years (n=1,044) 6 years (n=372)

Total (n=2,638)

Flatfoot, n (%) 258 (58.64)

382 (48.85)

CA () 12.9 (0-46.4) 15.2 (0-53.5)
CSI (%) 65.7 (24.8-117.7) 62.0 (20.5-89.2)
Al (%) 112.2 (48.9-184.0) 107.8 (31.1-155.5)

16.2 (0-52.6)
60.0 (22.0-86.1)
105.4 (36.1-165.7)

401 (38.41)

17.4 (0.9-53.7)
58.1 (13.8-91.3)
101 (26.1-169.7)
120 (32.26)

15.5 (0-53.7)
61.3 (13.8-117.7)
107.5 (26.1-184.0)
1,161 (44.01)

Values are given as median (range: minimum-maximum)
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Table 4. The studies which returned prevalence estimates, reported on children of disparate ages, varying
samples, and used a range of assessment and classification methods (78)

Author, vear Age of children Country Sample size Assessment method % flat feet
Gould 1989 3 11-14 mo, until 5 y 125 Physical exam, T7.9, at 5 years
USA K-rays,
photos
Pleiffer 2006 3 36y 835 Low arch, 44
USsA Valgus heel
Fl 2006 3 9.23+1.66 y 579 Footprints, 17.2 moderate/severe
Turkey Arch index 82.8 normal/mild
Lin 2001 36 26y 377 Physical exam, 23y:57
Taiwan Physical tasks, 3-4 y: 40
Gait analysis 4-5 y: 28
5-0y: 21
Echarri 2003 312y 1851 Staheli index, Most flat at 3-4 v boys had more flatfeet,
Congo, Spain Clarke’s angle, flat feet decreased with age
Chippaux-Smirak index
Rao 19924 4-13y 2300 Footprints 6y: 14.9
India 13 y: 2.5
Shod vs. unshod children: 8.6 5. 2.8
Rose 19858 1.9-43y 237 Physical exam, 37.5
5-12 % Footprints, 9.9
England Valgus index
Morley 1957 # 14y 451 Physical exam, Age <18 mo (97%)
5-11¥ 318 Footprints Age 10 v (4%)
England
Staheli 1987 2 1-70 ¥ 882 Footprints, “Arch formed in most children”
UsA Staheli index
Didlia 1987 # 5-14 ¥ 950 Footprints, 0.60 bilateral
Nigeria Footprint contact index 1T 2.2 unilateral
Widhe 1997 % MNewborn-16 y 0vy-2 401 Physical exam, % not reported; 2/3 with flatfeet
Sweden 6y-121 Gait analysis, were boys; flatfeet not associated
16 y-108 Foaot pressures with overweight subjects
Craxford 1984 4 15 mo-13 y 100 Pedobaragraph 18
England
Bordin 2001 3 810 y 243 Photography 16.4
Ttaly
Garcia-Rodriguez 1999 42 4-13 v 1181 Footprints 27
Spain
Jerosch 1998 40 10-13 ¥ 345 “Standardized protocol” 19.1
Germany
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Table 5. The new p-FFP - Treatment is directed for the typical flexible flat foot according to sub-type
assessment i.e. type Al, symptomatic/'red light', treat; type A2, asymptomatic-non-developmental/'orange
light', monitor; type A3, asymptomatic-developmental/‘green light', leave alone (92).

paediatrlc Flat Foot Proforma (p-FFP) Child’s name: _Ager_____
History o Family Hx « Associations o Symptoms  « Trauma o Activity o Systems review o Previous Tx
Findings « Tender arsas « Gait « Obesity (ok / + / ++)
N7/ barefoot
. Site/s shoes on
. fmp y/n
. ACG
DIAGNOSIS A. Typical flexible flatfoot +/- other factors B. Rigid flatfoot C. Skewfoot
Neurclogical eg Cerebral palsy, hypotonia vertical talus Metatarsus adductus
Muscular eg Muscular dystrophies Tarsal coalition
Genetic eg Donn's, Marfan's Peroneal spasm
Colagen g Ehler's Danlos, Sgament laxity latrogenic
Trauma
A. Typical flexible flatfoot 1. Symptomatic* or Asymptomatic
2. Non-developmental * or 3. Developmental
(Structural deformity progressing with age) ( Structural deformity reducing with age)
Observe Measure
L R L R
Medial arch height (ok / recuced) Navicular height (mm)
Heel eversion (ok / more everted) RCSP (“inv/ev)
Heel inversion with tip toe {y / n) Consider
Tibial, knee positions (med / 0 / lat) Muscle tone, ligament laxity (y / n)
Action plan:
Date:
To be used in comunction with:
Dlagrasis & treatment of pediatric flatfoot. Harris £ et #l, J Foot & Ankle Swrg 43(6)1 341-370, 2004
The flatSooted chid = to treat of not 10 treat, what is the clinician to do? Evant AM, J Am Rodistr Med Assoc (in press), 2008 Paed FFP & Angela M. Evanz, PH0 2008,
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Table 6. Therapeutic exercises for FFF (108)

Aim Exercises and activities

Flexibility pROM exercise of ankle and all foot joints
Global movement to bring anterior and
posterior foot columns closer together
Stretching of triceps surae and lateral
peroneus brevis muscles in order to induce
varus and adduction of the foot

Muscle Anterior and posterior tibialis muscles and
strengthening the flexor hallucis longus to counteract
valgus

Intrinsic, interosseus plantaris muscles and
the abductor hallucis in order to prevent
anterior arch flattening

Global activation/movement of the muscles
involved in maintaining the medial arch
and the varus with and without load

Unipedal weight bearing

Toe walking

Proprioception and Toe and heel walking
postural balance Unipedal weight bearing (to make the foot
cavus after dynamic pronation of the
forefoot)

Descending an inclined plane

Table 7. Summary of movements of LE with their muscle actions (own table adopted from 8, 10, 46)

Movement Muscles

DF of ankle Tibialis anterior, peroneus tertius, extensor
digitorum longus, extensor hallucislongus.

PF of anlkle Gastrocnentus, soleus, peroneuslongus,
peroneus brevis, flexor digitorum longus,
flexorhallucis longus

INV of foot Tibialis anterior, tibialis posterior

EVoffoot Peroneus longus, brevis and tertins

ToeF Flexor digitonum longus, flexorhallucislongus

Toe EXT Extensor digitonum longus, extensor hallucis
longus

F of knee Hamstrings group of muscles

E of kmee Quadriceps, rectus femoris

Fof hip Tliopsoas, rectus femoris, pectineus, sartorius,
TFL

E of hip Gluteus maximue, hamstrings

ABD of hip Sartorius, gluteus medins/mininms, TEL

ADD of hip Pectineus, adductor longus/brevis +magnus,
gracilis

ER of hip Sartorius, gluteus maximus, pinfonmis,
gemellus sup./inf., obturatorintemus,
qua dratus femoris

IR of hip Gluteus minimus
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Table 8. Means and standard deviations for all the parameters for the normal and low-arched groups (58)

Normal arched Low arched
Right Left Right Left
Mean sD Mean 5D Mean 5D Mean sD
Range anterior pelvic tilt 1.8 +£1.3 4.2+ +1.2 4.7+ +£3.2 47 £131
Pelvic rotation at HS 6.1° +3.2 7.4 +4.8 6.7 +2.7 6.5 +34
Max pelvic rotation (ST) 34 +3.4 3.8° +5.1 42 +3.2 3.8 =27
Max pelvic obliguity (5T) 6.2° +£1.7 5.9¢ +24 7.2 +2.6 6.6¢ £32
Min pelvic obliguity (SW) -5.7° +£22 —6.2¢ +17 —6.8- +£29 —7.0¢ £26
Range hip flexion 447 +52 44.0¢ +4.4 477+ +5.2 46.5 =40
Hip flexion at HS 32.7° +4.8 31.8° +54 325" +6.6 34.8° =6.9
Min hip flexion -10.0° +5.3 -9.7° +47 -11.6% +7.8 —10.7 =80
Hip rotation at HS -84 +£7.0 -0.5¢ +44 -11.3= +5.6 —14.5¢ +89
Mean hip rotation (5T) —0.9 +45 -1.9" +29 -4.7 +£3.5 —6.4 450
Max hip abduction (ST) 7.9 £35 7.3 +£29 9.8¢ +£3.8 10.0 +42
Min hip abduction (SW) -22° +2.9 -1.7° +26 -1.5° +2.4 —0.8¢ =32
Knee flexion at HS 7.7 +4.1 6.2° +6.0 6.6° +4.1 9.1 =39
Max knee flexion (SW) 603 +£3.5 60.7¢ +46 61.4 +5.1 62.7 +44
Timing max knee flexion 75% +2.0 75% +1.0 76% +1.0 76% +1.0
Min knee flexion (5T) 42¢ £35 4.2 +48 29 +£37 5.5¢ £38
Knee varusfvalgus at HS 0.5 +2.2 0.7+ +26 -0.8° +2.7 —-2.1- +23
Range knee varus/valgus 12.3¢ +5.5 12.3° +432 13.8° +5.0 14.2° +56
Ankle flexion at HS 0.1¢ +6.7 -0.4¢ +6.8 2.4 +3.8 1.6 £7.7
Max ankle flexion (ST) 15.9¢ +£473 16.2- +44 157= +3.0 15.9¢ £36
Min ankle flexion (SW) -17.7¢ £87 -21.2¢ £10.1 -144° +7.6 -20.7¢ £143
Max foot progression angle (ST) 3.0° +1.4 2.8° +1.2 23 +1.5 2.4 +17
Note: HS denotes heel strike, ST denotes stance phase, SW denotes swing phase of the gait cycle. In rotations positive values are internal and negative values external, in
flexion variables flexion is positive and extension is negative, adduction is positive and abduction negative, and knee varus is positive and valgus negative. All significant
difference (p<0.05) have been bolded.
" Asignificant difference between groups.

Table 9. Injury patterns of runners (participants in study 63)

High arch Low arch
Knee 11 20
Foot/ankle 33 24
Bone 14 T
Soft tissue 42 56

Table 10. Theoretical mechanisms that interrelate foot posture and LBP (73)

a. Heel height of footwear;

b. nadequate shock absorption:

c. factors related to excessive foot pronation;
d. functional limb length discrepancy:

e. sagittal plane blockade.
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