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Abstract

Flat foot is caused by subtalar joint hypermobility which leads to changes in foot
mechanics while walking. It results in increased load of the musculoskeletal system of
the foot. It is proved by the literature which presents flat foot as an etiological factor
responsible for numerous overuse injuries in this region. In particular, they concern the
structures which support the longitudinal arch of the foot, i.e. Achilles tendon, tendons
of tibialis posterior muscle, plantar fascia, sesamoid bones, hallux, metatarsal head and
metatarsal bones. Due to the fact that foot loads and mechanics change during different
gait phases, the magnitude of forces affecting particular tendons and ligaments also var-
ies at its specific phases. Therefore, it is important that the findings of the latest studies
on flat foot be collected in order to develop appropriate programmes of functional re-
habilitation of the indicated deformity as well as therapeutic programmes for overuse
injuries. Although this deformity and its consequences are a common problem, the foot
still remains an unexplored area at the level of kinematics and kinetics. In particular, it
is necessary to conduct research regarding correlations between the foot structure and
its functions. It will be possible to broaden the knowledge in this field owing to the de-
velopment or identification of the mathematical foot model taking into account common
kinesiological problems with lower limbs that stem from flat foot.
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Stowa kluczowe:

Streszczenie

Stopa ptasko-koslawa powstaje w wyniku nadruchomosci stawu podskokowego, co
doprowadza do zmiany mechaniki stopy podczas chodu. Konsekwencja tego jest zwigk-
szone obcigzenie uktadu migsniowo-szkieletowego stopy. Potwierdzone jest to przez
literature, w ktorej stopa ptasko-koslawa przejawia si¢ jako czynnik etiologiczny wielu
urazow przecigzeniowych tego obszaru. W szczegoélnosci dotycza one struktur petnia-
cych funkcje podporowa sklepienia podtuznego stopy tj. $ciegna Achillesa, §cieggna mie-
$nia piszczelowego tylnego, rozciggna podeszwowego, trzeszczek, palucha, gtow kosci
srodstopia i kosci $rodstopia. Ze wzgledu na to, obciazenia i ksztalt stopy zmieniajg si¢
podczas poszczegolnych faz chodu, to rowniez wielkosci sit dziatajacych na poszcze-
golne $ciggna i wigzadla jest rowniez zréznicowane w jego poszczegolnych etapach.
Dlatego istotne jest zebranie opublikowanych wynikéw najnowszych badan dotycza-
cych funkcjonowania stopy ptasko-koslawej, aby stworzy¢ podstawy wilasciwego pro-
gramowania rehabilitacji wskazanej wady stopy oraz programow terapii poszczegolnych
urazéw ze szczeg6lnym uwzglednieniem profilaktyki przecigzen w obrebie konczyny
dolnej. Pomimo duzego rozpowszechnienia stopy ptasko-koslawej we wspodtczesnych
spoleczenstwach, jak i nast¢pstw wynikajacych z tej wady, stopa wcigz jest niezbada-
nym obszarem z punktu widzenia jej kinetyki. W szczegdlnosci konieczne jest podjecie
badan w zakresie zalezno$¢ pomiedzy budowa a funkcjonowaniem stopy. Poszerzenie
wiedzy w tym zakresie bedzie mozliwe dzigki opracowaniu i identyfikacji adekwatnego
modelu matematycznego opisujacego funkcjonowanie stopy z uwzglednieniem znanych
problemow kinezjologicznych konczyn dolnych wynikajacych z dysfunkcji stopy pta-
sko-koslawe;j.

system miesniowo-szkieletowy, deformacje stopy, stopa ptasko-koslawa,

deformacje stopy, wprowadzenie do chodu

Introduction

Flat foot is the most common foot defect both
in children and adults [1-3]. Nevertheless, the
collapsed longitudinal arch is only a consequence
of changes in the musculoskeletal system brought
about by subtalar joint hypermobility, which is the
immediate cause of this deformity [4]. A detailed
analysis of this pathology is necessary to respond
to the question “why?” in reference to foot overuse
injuries. The explanation of this phenomenon makes
it possible to develop an appropriate rehabilitation
programme for flat foot and to modify therapeutic
programmes for overuse injuries.

In the study, an attempt was made to gather
results of the latest investigations on identification
of kinesiological characteristics of the subtalar
joint, pathomechanics of its hypermobility and its
influence on the load of particular foot structures
while walking. Functional anatomy of flat foot
requires further research since the correlations
between foot structure and its functions have not
been thoroughly explored [5]. The analysis of
flat foot biomechanics requires the cooperation
within an interdisciplinary research team and

the application of advanced technologies which
can facilitate investigating particular causes of
flat foot occurrence. A 3-D movement analysis
combined with concurrent measurement of ground
reaction forces and electromyography of particular
muscles in a free gait is a highly effective tool
used to measure and identify flat foot dynamics.
The obtained characteristics of a pathological gait
enable researchers to analyse foot load analysis
with the use of mathematical modelling methods,
which, in turn, allows for a quantitative analysis of
foot functions, identification of overload spots in
the foot region and implementation of appropriate
therapeutic strategies [6].

Subtalar joint and its functions

The subtalar joint is a posterior part of the inferior
ankle joint - posterior ankle joint. It is situated
between the talus and the calcaneus (it connects the
articular calcaneal posterior surface of the talus and
the articular tarsal posterior surface of the calcaneal
bone) [7].

It is a spot where pronation and supination take
place, around the rotational axis running askew
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from the inferior-lateral part of the calcaneal bone
to the superior-medial part of the tarsal bone [7,8].
Due to the lack of joint surface congruence,
the subtalar joint shows features of high stability
and requires significant support of the ligament
system [9]. Its most efficient inactive stabilisers
include plantar calcaneonavicular ligament,
plantar fascia, plantar ligaments (long plantar and
plantar calcaneocuboid ligaments), talocalcaneal
interosseous ligaments and joint capsules of
talonavicular and calcaneonavicular joints [7]. The
crucial points in terms of subtalar joint stabilisation
also result from the fact that no muscle which
could provide dynamic stabilisation is attached to
the tarsal bone [9]. Other factors include an askew
position of the articular surface which is inclined
towards the medial direction and the transverse
position of the calcaneal bone in relation to the long
axis of the tibial bone which is directed towards
its medial region. Thus, when the body load is
transferred onto the tarsal bone, it causes natural
pronation in the subtalar joint [10]. Therefore, the
bone shape which limits the range of pronation is
crucial for its stability. Movement restriction means
that the lateral process of the tarsal bone touches the
floor of the tarsal sinus of the calcaneal bone. As
a result, further movement is impossible [4,8,11].
The subtalar joint plays an important role in terms
of foot function performance during gait. It includes
shock absorption, stability or a movement process.
It can be concluded that its mobility influences
the mobility of all other foot joints [8]. It is based
on e.g. its synergic motion with the transverse
tarsal joint [10]. The subtalar joint consists of
talonavicular and calcaneocuboid joints which
function as a single joint. It is in this joint that tarsal
dorsiflexion and plantar flexion take place which, in
turn, significantly influences the shape of the foot
arch and intratarsal stability. When pronation in the
subtalar joint occurs, axes of the joints which are
part of the transverse tarsal joint are in a parallel
position in relation to each other as a result of
changes in the position of the tarsal and calcaneal
bones, which enables tarsal dorsiflexion. It results in
high elasticity of the tarsus and metatarsus, which,
under loading conditions, manifests itself through
physiological flattening of the longitudinal arch of
the foot. During the subtalar joint supination, joint
axes that form the transverse tarsal joint are in an
askew position in relation to each other. It causes
plantar flexion in the tarsal region, thus leading to

a maximum reduction in its mobility, “blocking” the
transverse tarsal joint as well as the reconstruction
of the foot arch and provision of high metatarsal
stability [12]. The change in the mutual position
of the tarsal and navicular bone, which influences
the position of the 1**metatarsal bone (in the plantar
direction), is of crucial importance. The change in
the bone position is caused by the peroneus longus
activity. It influences the forefoot stability in the
stance phase [10,13].

Synergic activity of the subtalar joint and
the transverse tarsal joint allows for effective
performance of the foot in the following way [10]:

- Subtalar joint pronation and tarsal dorsiflexion
are responsible for shock absorption (the foot
is elastic),

- Subtalar joint supination and plantar flexion
of the tarsus are responsible for intratarsal
stability (foot stabilisation), which provides
proper conditions for propulsion performance.

Subtalar joint hypermobility

Hypermobility (exceeding the range of motion) of
the subtalar joint occurs when the foot is loaded with
body weight [4,8,14] and structures responsible for
passive stabilisation of the joint exhibit decreased
performance capacity [15,16].

Subtalar joint hypermobility manifests itself
through increased internal rotation of the talus
during body load transfer, with its concurrent
excessive movement in relation to the calcaneal
bone in the calcaneal-medial-anterior direction
[8]. As a consequence, the lateral process of the
talus cannot touch the tarsal sinus and the terminal
bone resistance is delayed. Furthermore, it causes
the dislocation of the superior part of the subtalar
joint axis, which runs through the neck of the tibia
in the calcaneal-medial direction [11]. The above
phenomena result in increased pronation manifested
through excessive abduction of the hindfoot [4,11].

Currently, radiological diagnostics is applied
in clinical settings to diagnose subtalar joint
hypermobility. On the basis of lateral projection,
it is possible to evaluate the position of the tarsal
bone in relation to the calcaneal bone and the space
between them (tarsal sinus) [14,17]. In physiological
conditions, when the lateral process of the tarsal
bone rests on the floor of the tarsal sinus, some space
between both bones can be seen from the lateral
side. The space is known as “open tarsal sinus” [8].
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If the tarsal bone slides from the calcaneal bone, this
space is not present. In that case, the space is called
“closed tarsal sinus” and it is interpreted as subtalar
joint hypermobility [8,11].

Effects of subtalar joint hypermobility on gait

Studies carried out so far have shown that
individuals with flat foot demonstrate an increased
range of pronation, and its duration is extended
in the support phase of free gait [17,18,19]. As
a consequence, it affects foot-related mechanics in
particular stages of the gait [8].

Initial Contact (0-2% of the gait cycle)

When the heal touches the ground, the superior
ankle joint is in its natural position and the subtalar
joint is in supination [7]. The literature does
not indicate any consequences of subtalar joint
hypermobility.

Loading Response (2-10% of the gait cycle)

In physiological conditions, plantar flexion occurs
in the superior ankle joint. The foot is placed flatly
on the ground and downward force observed when
accepting the load (60% of the body mass in 0.02
s.) is significantly equalised in forward momentum.
Due to the transverse position of the calcaneal bone
in relation to the long axis of the tibia, body weight
shifted to the talus produces natural pronation in the
subtalar joint, whereas dorsiflexion in the transverse
tarsal joint absorbs shock impacts. Thanks to heel
rocker mechanisms, movement progression occurs
as well [7,10].

In individuals with flat foot, an increased
range of pronation starts from this phase [17-19].
Pathological hypermobility in an indicated direction
is brought about by weakened structures which
passively stabilise the subtalar joint when high
stabilisation is needed, i.e. when body weight falls
on the medial part of the calcaneal bone, which
leads to a dislocation of the talus in the plantar-
caudal direction [11].

Mid Stance (10-30% of the gait cycle)

In physiological conditions, when the foot is fully
loaded, the range of dorsiflexion in the superior
ankle joint is gradually increased for the purpose
of movement progression. Pronation is continued
in the subtalar joint. It reaches the highest value at

the beginning of each phase and then it gradually
decreases [17-19]. As a result, higher mobility
is maintained in all the foot joints as it influences
the transverse tarsal joint, which is positioned in
dorsiflexion (it is not blocked). It ensures foot
elasticity and allows it to absorb shocks effectively.
At the end of the Mid Stance phase, the whole body
weight is moved to the lateral part of the foot, which
leads to supination in the subtalar joint [7,10].

In the case of flat foot, when accepting the entire
body weight, the talus continues excessive internal
rotation and dislocation in the plantar-medial
direction in relation to the calcaneal bone. As
a result, the lateral process of the talus cannot touch
the floor of the tarsal sinus [4,11]. Consequently, it
leads to an increase in the range of pronation and in
its duration [17-19].

Excessive movement of the head of the talus in
the calcaneal-medial direction extends the plantar
calcaneal-navicular ligament [14,20], which
supports it directly from the plantar side [20].

Together with the dislocation of the talus, there
occurs a change in the position of the subtalar
joint, which follows the head of the talus (through
which it goes) in the medial-plantar direction [11].
It results in increased external pronation which is
resisted by internal supination generated by the
triceps surae [21]. As a consequence, the Achilles’
tendon is exposed to excessive forces [20].

The increased mobility range leads to excessive
dorsiflexion in the transverse tarsal joint [21], which
results in the flattening of the longitudinal arch [8].
Consequently, the posterior tibial muscle, which is
the main dynamic stabiliser of the transverse tarsal
joint and foot arch, carries through its tendon the
excessive load during the entire mid stance [1,14-
16]. Therefore, it can be concluded that it cannot
effectively pull the navicular bone in the plantar
direction and backwards under the head of the talus,
which is too collapsed [8,9]. The inefficiency of this
mechanism leads to the lack of prominence of the
longitudinal arch [1,2,15,16].

Terminal Stance (30-50% of the gait cycle)

In physiological conditions, the heel is detached
from the ground in the terminal stance phase. It is
accompanied by blocking of the superior joint ankle
in maximal dorsiflexion caused by eccentric work
of the soleus muscle and posterior tibial muscle.
The rotation axis during this phase runs through
the heads of the metatarsal bones [7,10]. In turn,
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preliminary passive supination takes place in the
subtalar joint (as a result of body weight shift to the
lateral part of the foot in the previous phase), which
allows for plantar flexion of the transverse tarsal
joint, thus blocking it and causing the stiffness of
the foot [22].

Plantar flexion of the “first radius” in the
talonavicular joint is an essential element of this
phase. It is additionally supported with the work
of the peroneus longus, which lowers the 1% bone
of the metatarsus by drawing it in the plantar
direction. This allows the head of the 1* bone of the
metatarsus to have a stable contact with the ground.
It also provides conditions for the stable forefoot
to be the only region of support when body weight
is transferred to its medial part. The body weight
vector is moved in the direction of the 1% radius
during the rocker mechanism (the terminal position
of the CoP is between the 1% and 2™ metatarsal-
phalangeal joint). The indicated mechanism
contributes to effective performance of movement
progression [4,10,13].

Plantar fascia is an additional structure which
supports the passive stabilisation of the foot arch at
the end of the terminal stance phase. It runs from the
medial part of the calcaneal tuber to the proximal
phalanges of the five toes. It operates on the basis
of “the wheel and axle mechanism”. It means that
only when it reaches at least 30° of the flexion in
the metatarsal-phalangeal joints, does it stretch
like a bowstring that connects the two ends of the
longitudinal arch of the foot [11].

In the case of flat foot, pronation of the subtalar
joint takes place at the beginning of the terminal
stance phase, while a reduced range of supination
occurs in the later phase [17-19,22,23]. It leads
to a difficulty in performing plantar flexion in the
transverse tarsal joint, which has three consequences
[21]. Firstly, this situation poses a problem
related to blocking the transverse tarsal joint, as
it obstructs metatarsal stabilisation when the foot
should function as a stiff arm of the lever in order
to provide conditions for detaching the heel from
the ground and performing effective movement
progression [14,22,23]. As a result, compensatory
activity of the soleus muscle can be noted. Through
increasing the force, it draws the calcaneal bone
towards supination in order to block the transverse
tarsal joint in an active manner [8,21]. This, again,
causes the shift of higher loads through the Achilles
tendon [4,20], which is shortened in individuals with

flat foot due to the position of the calcaneal tuber. It
results in its decreased elasticity and strength [4].
It also lowers propulsion efficiency, thus decreasing
movement-related function of the foot [14]. The
second consequence concerns the problem of
hypermobility of the “first radius” positioned in
dorsiflexion [13,22,23]. As a result, the head of the
1% metatarsal bone does not provide stable support
on the ground and, at the same time, it decreases
forefoot stabilisation as the only supporting surface
[22,23]. It leads to the shift of the load from the
metatarsal region to the head of the 2™ metatarsal
bone, which is incapable of bearing such weight. As
a consequence, metatarsalgia develops in this region
[5,13,23,24]. Numerous studies are conducted to
confirm or reject the hypothesis according to which
hypermobility of the “first radius” results in the
bunion occurrence [13]. The third consequence is
connected with “inefficiency of the wheel and axle
mechanism” caused by hypermobility of the “first
radius”. It leads to the lack of effective structure
tension in the plantar surface (including plantar
fascia), which, in physiological conditions, blocks
the metatarsal joints during propulsion [14].

Pre Swing (50-60% of the gait cycle)

In physiological conditions, dorsiflexion in the
superior ankle joint and supination in the subtalar
joint occur [7,10]. Detachment from the ground
takes places through the hallux [10].

In persons with flat feet, significant forefoot
pronation [22,23] and a decrease in its adduction
can be noted [21]. It stems from a decreased range
of supination in the subtalar joint. However, the
literature does not indicate the damaging effects of
this phase on the musculoskeletal system of the foot.
It may result from the fact that this phase includes
two points of support.

Overuse injuries

The structures of soft tissues, e.g. the plantar
calcaneal ligament, Achilles tendon, the tendon of
the posterior tibial muscle, plantar fascia (which
function as support), are to minimise pathological
tarsal mobility in flat foot. This leads to excessive
chronic overload which surpasses their physiological
strength [8]. As a consequence, there occur
injuries which, in turn, lead to degenerative and
negative organisational changes in their structure
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[4,13,20,25-28]. Clinical symptoms include pain,
which lowers life quality, hinders activities of daily
living and compels patients to have a break or
resign from performing certain sports (both sports
for all and professional sports) [29]. The studies also
show that the collapsed foot arch is a predisposition
to extending reaction time of the peroneus longus
when sudden inversion occurs, which results in
torsional injuries of the ankle joint [30,31].

Flatfoot epidemiology

Talking about flatfootepidemiology, itisnecessary
to highlight the fact that the problem occurs is in
the field of its diagnostics. It should combine the
availability of examinations, low harmfulness to the
patient and a high level of objectivity of the obtained
results [17-19]. Hence the variety of the applied
methods in particular studies and, consequently, in
the findings concerning the prevalence of flat foot.

Studies conducted on big populations have
found that flat foot occurs in 2.2% - 6.6% of
adults [1-3]. However, it is not possible to
generalise the findings due to the fact that the
occurrence of the deformity is influenced by
factors such as BMI, type of work or a place
of residence [3]. In turn, the literature indicates
that the problems within the musculoskeletal
system of the foot can be observed in 30% of
middle-aged and elderly patients [25,32], which
confirms a large scale of the condition.

Future research

In the literature of the subject, flat foot is presented
as an etiological factor in numerous overuse
injuries, i.e. injuries of Achilles tendon, posterior
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