Biomechanical foot function: a Podiatric perspective

Introduction:

Bipedal upright locomotion isone of the defining characteristics
of the human race, yet it is so often taken for granted. The feet
are essentially the foundation for the rest of the body and are lit-
erally pivotal in allowing us to walk efficiently. Understanding
normal function is a fundamental part of assessing dysfunction
and effectively treating patients. However, an understanding of
the basic underlying structureis essential. This paper intendsto
describe some of the current concepts relating to foot function
from a podiatric perspective. Having developed these concepts,
Part 2 will describe how abnormalities may result in dysfunction
and pathology. An attempt has been made to provide tests that
enable the reader to gain a basic understanding of foot function.
Some of these tests have a clinical value when assessing
patients. Part 2 (to be published in a future issue of What's
Afoot) will describe in more depth the consequences of abnor-
mal findings.

Anatomical structure and function

In the 1950s Hicks produced two papers that described basic
osseous and soft tissue function of the foot (Hicks 1953, 1954).
In the first paper, he concentrated on the osseous structures of
the foot, primarily the subtalar joint (STJ), mid-tarsal joint
(MJT) and the metatarsophalangeal joints (M.T.P.Js) (see Fig.5).

Hicks (1953) demonstrated by the use of rods and pointers that
joints rotated around axes rather like the hinge of a door and
that, because these axes are angulated against the primary body
planes, motion will occur in more than one plane.

The STJ exhibits tri-planer motion where pronation is repre-
sented by eversion, abduction and dorsiflexion whilst supination
is represented by inversion, adduction and plantarflexion (See
Test 1).

The MTJ actually consists of the talo-navicular joint (TNJ) and
the calcaneo-cuboid joint (CCJ); the combined motion of
these two joints allows tri-planer motion (Test 1). In addi-
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tion to the STJ and MTJ, the 1st and 5th metatarsals al'so have
their own axes of motion, primarily dorsiflexion and plan-
tarflexion (Test 1).

These motions of the STJ, MTJ and metatarsals are all essential
to allow normal foot function and are interlinked. If the foot
were a rigid structure then pronation of the STJ (evident by
eversion of the calcaneus) would cause the lateral border of the
forefoot to lift off the ground. Similarly, supination (evident by
calcancal inversion) would result in the medical aspect of the
forefoot lifting off the ground. This clearly does not happen
during walking and this is because of the compensatory mecha-
nisms that can occur in the mid-tarsal and forefoot. Namely,
pronation results in MTJ inversion, 1st metatarsal (1st ray) dor-
siflexion and 5th metatarsal plantarflexion. The oppositeistrue
with supination (Test 2). Thus, the foot is able to adapt to vary-
ing positions enabling locomotion over uneven surfaces whilst
maintaining balance. Hicks postulated that rigidity in the mid-
tarsal areawould result in aloss of balance.

In his second paper, Hicks (1954) described the role of the plan-
tar aponeurosis (fascia) in stabilization of the foot. The fascia
originates from the plantar aspect of the calcaneus and inserts
viathe plantar pad and the flexor apparatus into the base of the
proximal phalanges of the digits. Asaresult, helikened the fas-
cia to a windlass mechanism with the fascia the cable, the
metatarsal heads the drum and the toes the arms. Thus, dorsi-
flexion of the digitsresultsin atightening of the windlass mech-
anism which in turn results in plantarflexion of the metatarsals.
Asthis effect is greatest at the 1st metatarsal, there will be arel-
ative inversion of the foot, thus the arch will rise and the leg, via
the STJ, will externally rotate. Thisfunction

actually occurs in the latter part of stance as i

the foot dorsiflexes over the stable toe and

will help provide intrinsic stability to the

foot (Test3).
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In 1979, Bojsen-Moller described how the metatarsal axes
would effect foot function. He described two axes, namely the
oblique or low gear axis represented by the 2nd-5th MTPJs, and
the transverse or high gear axis represented by the 1st and 2nd
MTPJs (Fig. 1). He observed two basic types of toe-off, name-
ly low and high gear. When a subject demonstrated toe-off
through the high gear axis (i.e. 1st and 2nd MTPJs) he observed
that the plantar fascia and peroneal tendons were tight and that
the 1st MTPJ was dorsiflexed. This suggests that the windlass
mechanism described by Hicks (1954) is active. Asaresult, the
1st ray will be plantarflexed and stabilized against the ground by
peroneuslongus. In addition, the tension in the peroneus longus
tendon will cause arotation at the cuboid (as thisisits fulcrum
point) thus further stabilizing the mid-tarsal area. In contrast the
soft tissue structures were not taut with a low gear toe-off (i.e.
through the 2nd, 5th MTJPs) and the hallux was plantar flexed
to help stabilize the medial aspect of the forefoot. Thus, the sta-
bilizing effect of the windless

surface when the foot isin this neutral position (fig. 2).

In order to assess these osseous alignments there are severa
methods of placing the foot into its neutral position. The first
stage is to place the STJ into neutral. Root et a (1997) postu-
lated that two-thirds of the range of STJ motion would be in
supination (as indicated by calcaneal inversion) with one-third
in pronation (asindicated by calcaneal eversion). Thus, by mea-
suring the total range of motion and performing a simple calcu-
lation, the relationship of the heel to the leg in STJ neutral can
be obtained. However, some research has indicated that, whilst
the average STJ neutral demonstrates a one-third to two-thirds
ratio, there is considerable variation amongst normal subjects
(Bailey et al 1984). Furthermore, the repeatability of these mea-
surement techniques, particularly between examiners (inter-
tester), is extremely poor and therefore questions the validity
(Weiner Ogilvie et al 1997).

An dternative technique of placing the STJ into neutral is via

mechanism and the peroneus
longus are lost.

Podiatric concepts:

In 1977 Root et & described their
concept of norma and abnormal
foot function. This primarily
revolved around the position and
function of the STJ, MTJ and 1st
ray. They described aneutral foot
position such that the foot isin its
neutral position when the subtalar
jointisin neutral (neither supinat-

Low gear
(oblique
axis)

Fig 1. The high gear (metatarsals 1-
2) and low gear (metatarsals 2-5)
axes as described by Bojsen-Moller
(1979)

ed nor pronated) and the midtarsal
joint is maximally pronated.

They further proposed that the
posterior bisection of the calca-
neus and the lower one-third of
the leg would be parallel and at a
right angle to the weight bearing

surface and that the plane of the Si”n‘fliggji(;’::
metatarsals (forefoot) would be adduction,

parallel with the weight bearing

plantarflexion

Have your patient lay prone with index finger (C) and take foot through a
the feet hanging over the end of the pronation and supination movement. Note
examination couch. Flex thehipand how the heel inverts with adduction and
knee on the side you are not exam- plantarflexion (supination) whilst heel ever-
ining and externally rotate this leg sion is associated with abduction and dorsi-
as shown in the diagram (A) so that flexion (pronation). Now fix the subtalar
it rotates the leg you are examining. joint with one hand and repeat the motion.
You should aim to rotate the leg suf- Note how the forefoot moves on the fixed
ficiently so that the mallcolar axisis rearfooot. Now hold the 2nd to 5th
1' = paralel with the floor (B). This metatarsalsin one plane with the thumb and
— places the heel of the foot in the index finger of one hand. Then grasp the 1st
frontal plane. Now grasp the 4th metatarsal with the same fingers of the other
and 5th toes with your thumb and hand and you will be able to dorsiflex and
A .
B

Test 1.

plantarflex the 1st metatarsal in relation to
the lesser metatarsals (D). Compare the
amount of motion in each direction. This
test can be repeated for the 5th metatarsal.

Objectives:
o to rotate the leg so that the heel can be
viewed in the frontal plane

o to examine the range of supination and
pronation which should have aratio of 2:1
respectively

o to examine the range of forefoot motion
o to examine 1st and 5th ray motion. There

should be equal amounts of dorsiflexion
and plantarflexion

o to enable the practitioner to estimate the
quality and direction of motion available
and thus the effects on function that may be
caused by increased or reduced motion

Dorsiflexion

Pronation=
eversion,
abduction,
dorsiflexion

Plantarflexion
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Fig 2. The neutral position
described by Root et al (1977)
whereby the posterior bisection of
the lower one-third of the leg and
calcaneus are parallel and at the
right angle to the supporting sur-
face. The plane of the metatarsals
is parallel with the supporting
surface.

palpation of the head of the talus. The practitioner places the
thumb and forefinger on the medial and lateral aspect of the
head of the talus. The STJ is then taken through its range of
motion with the medial aspect of the head of the talus prominent
with STJ pronation, whilst the lateral aspect of the head is
prominent on STJ supination. Neutral is achieved when neither
aspect of the head is prominent. This technique clearly causes
problems when there are variations in anatomy or any soft tis-
sue swellings present.

It has been this author’s clinical observation that, when the foot
is placed into the frontal plane and allowed to hang with gravi-
ty, the relationship of the calcaneusto the leg is extremely close
to the palpated or calculated STJ neutral position. This would
therefore appear to be a simpler way for many practitioners to
perform the assessment. Indeed, there would be some logic in
this assumption as all the osseous and soft tissue structures
around the STJwould be in equilibrium at this point and thusin
their own form of neutral position.

Once STJ neutral has been achieved, pressure beneath the 4th
and 5th metatarsal heads to maximally pronate the MTJ is
required to place the whole foot into neutral. However, this
pressure should only be sufficient to pronate the MTJ and not
the STJ. If any eversion of the calcaneus is observed once STJ
neutral has been achieved, too much pressure has been applied
to the forefoot (Test 5).

Line of progression
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Angle of gait

Fig 3. The angle the foot makes in relation to the line or direction of
progression (angle of gait) and the distance between the two feet
(base of gait).

Base of gait

Once the foot has been placed into neutral, the relationship of
the heel to the leg (STJ position) and the plane of the forefoot to
the rearfoot (as determined by a perpendicular to the bisection -

Test 2.

=

A B

Stand upright bare foot.
Pronate your foot by inter-
nally rotating your leg. You
will note that the heel everts
(@) whilst the increased pres-
sure on the inside of the ball
of your foot causes the fore-
foot to invert and the 1st ray
dorsiflex. Concomitant 5th

Now supinate your foot by
externaly rotating the leg
and observe the opposite
occurring (b). This test also
demonstrates how internal
and external leg rotation are
converted by the subtalar
joint into pronation and
supination respectively.

ray plantarflexion occurs.

Objectives:

o to demonstrate the effect of internal and external rotation of
the leg on subtalar joint motion.

o to demonstrate the effect of subtalar joint pronation and
supination on the midtarsal joint and metatarsals.

o to alow the practitioner to estimate the potentioal motion
available for compensation for excessive motion of the leg
and/or subtalar joint

of the posterior aspect of the cal caneus) can be assessed as either
inverted, parallel or everted.

The position of the 1st and 5th rays can be assessed by examin-
ing the amount of dorsiflexion and plantarflexion of the
metatarsals in relation to the central three metatarsals. The
metatarsal being examined is placed in the same plane as the
central metatarsals as a baseline. A greater degree of dorsiflex-
ion than plantarflexion indicates a dorsiflexed ray whilst the
converse represents a plantarflexed ray (Test 1).

The rearfoot position should be examined further with the
patient standing. The patient is asked to take a few steps on the
spot and then stop without re-adjusting to the foot position. This
enablesthem to stand in the angle and base of stance, i.e. thefeet
have a similar position towards one another and the direction of
progression as they would do during walking (Fig. 3). In this
resting position, the angle the heel makesto the ground indicates
the degree of compensation occurring and is

known as the relaxed calcaneal stance posi- i

tion (RCSP). By placing the STJinto neutral,

the overal neutral calcaneal stance position

(NCSP) can be assessed. This position has

the added advantage of introducing the tibial

_angle to the overdll rearfoot position. By
, comparing the NCSP to the RCSP one has VASYLI
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A. Heel Rocker B. Ankle Rocker

transfer during the support phase of gait (Perry 1992)

an indication of the degree of motion that is occurring (Test 6).
In the 1980s, Kirby described the position of the STJ axis in
relation to the transverse plane of the foot (Kirby 1987, 1989).
He described amethod of palpating the plantar aspect of the foot
to determine the position of the axis (Test 7). The STJ axison
the plantar aspect of the foot represents the point of equilibrium.
Thus, any pressure applied to the sole of the foot medial to this
axiswill cause supination whilst pressure lateral to this axiswill
cause pronation. By determining the position of this axis on the
plantar aspect of the foot, the practitioner is able to gauge the
relative amounts of pronation and supination moments being
placed across the STJ axis.

Test 3.

C. Metatarsal Rocker
Fig 4. The heel (A), ankle (B) and forefoot (C) rockers which allow weight

Have your patient stand
upright and allow you to
dorsiflex their halux. As
the MTPJ dorsiflexes, you
will note a relative plan-
tarflexion of the 1st ray
with an increase in arch
height, inversion of the heel
and externa rotation of the
leg. This test is known as

Objectives:

e to demonstrate the
effect of the 1st toe dorsi-
flexion on 1st ray, arch,
heel and leg motion via
the windlass mechanism.

e to alow assessment of
the effect of foot function
on this mechanism when

the test is repeated on a

the Great Toe Extension
Test. Similarly, if you stand
upright and go up onto the
ball of your foot you will
feel a similar motion occur.
Now repeat the great toe
extension test with the
patient fully weightbearing.
How much motion can now
occur?

patient fully weightbearing. A failure for this mecha-
nism to function may indicate abnormal function.
When this occurs, yet there is a normal range of
motion available at the 1st MTPJ, thisis known as a
function hallux limitus.

In 1986 and 1993, Dananberg described a sagittal
plane model of foot and leg function. The basis of
his concept was the pivotal nature of the weight
bearing foot that has been described by Perry
(1992). Essentialy, the foot is a pivot over which
the body is able to progress forward. Perry
described a rocker system whereby there is weight
transfer from the heel rocker to the angle rocker and
finally the forefoot rocker (fig. 4, Page 4). In order
for this system to function effectively there must be
ankle joint plantarflexion and associated knee and
hip flexion following heel strike to foot flat (heel
rocker). The ankle joint then dorsiflexes whilst the
knee and hip extend during the ankle rocker phase.
Thus, asthe leg prepares for the forefoot rocker, the
knee and hip are relatively extended to provide
mechanical advantage for the hip flexors to accelerate the leg
into swing. Asthe foot goes into the forefoot rocker phase, the
MTPJs dorsiflex, the ankle joint plantarflexes and the knee and
hip flex. The swing limb is then accelerated forward by the hip
flexors until the weight of the limb passes body mass at which
time momentum and gravity pull the body forward. This per-
mits an efficient mode of function.

In order for the motion to be efficient, adequate 1st MTPJ and
ankle joint dorsiflexion, normal knee and hip function, and
equal leg lengths are required for a smooth transfer of the rock-
er system.

Muscle function:

Strength and flexibility of the associated musculature is
extremely important. Contrary to popular belief, the majority of
muscles function eccentrically, rather than concentrically, dur-
ing walking. Therefore, their strength and flexibility in control-
ling motion is extremely important. If muscles are inflexible
they will not allow normal function, whilst if they are weak they
will be unable to control function. With particular reference to
the foot, calf muscle inflexibility and tibialis posterior muscle
function areimportant. Inflexibility of the calf muscle will limit
anklejoint dorsiflexion whilst weakness of tibialis posterior will
reduce the control it exerts on STJ pronation.

Root et a (1977) postulated that when the foot was placed in
neutral there was adequate calf muscle flexibility if the foot
could be dorsiflexed to 10 degrees past the right angle (Test 8).

While testing of the functional strength of the muscles acting
around the ankle it isimportant the mechanical advantage of the
tibialis posterior muscle and tendon should also be assessed
(Test 9). Itisnot uncommon in patients who demonstrate severe
pronation for the tibialis posterior tendon to become lengthened
(attenuated). In these instances, mechanical advantage is lost.
Because the tendo Achilles insertion is located close to the STJ
axisthisisunableto initiate inversion of the heel. However, the
tibialis posterior tendon is the most medial tendon in the ankle
and thisis able to aid inversion. As the heel inverts, the tendo
Achillesinsertion becomes relatively medial to the STJaxis and
therefore continues the inversion motion.
4



e to demonstrate the effect
of the metatarsal axes on
foot position and function.
Abnormal pressures beneath
the metatarsal heads or
an abnormal position of
the heel may indicate
abnormal function. This
may be the result of an
altered axis alignment,
uneven metatarsal
lengths or variations in
the angle of gait (Fig.3).

Test 5.

.P lace your patlent in the p05|_t|on descrIbEdperpendicular bisection of the posterior aspeceto allow assessment of the midtarsal joint
in Test 1. This places the foot into the front.alof the calcaneus (C) This indicates the fOrefOObosiﬂon by the re|ati0nship of a perpendicu_
plane and the position of the heel (0 leg willy, y4yfqof alignment. Once you have done this|ar to the posterior bisection of the heel and
be extremely close to ST‘]. neutral. No_Wincrease the dorsiflexion force on the foot. Youne plane of the metatarsal heads. Again a
grasp the 4th and 5th toes in the webbmgNi” note that the toes dorsiflex and the Calca'parallel relationship is normal WhilS.t inver-
with your thumb_ and forefinger. Gently neus everts past neutral. This indicates t0Qion or eversion may result in abnormal
plantarfle_x a_nd distract the toes (to aVo'dmuch force has been placed on the foot and it i, i y

any dorsiflexion at the MTPJs) (a) and Olor'no longer in neutral. Thus, when increased netion.

\S/\IIL?IX tthe who(lje _footth_to rgsstan;:a ﬁb)' orce is placed on the lateral forefoot and the
ISt you are doing this, observe e Neey,ry ;s maximally pronated as it was with the

to leg relationship, to ensure that the ST, i, neytral, then the only way the foot can
does not pronate (demonstrated by calcanegf,, ¢ ther pronation is for STJ compensa-
eversion). Observe the angle of the heel t on

the leg, also observe the angle that the plane
of the forefoot makes in relationship to aObjectives; B

e to allow the foot to be placed in neutral

e to allow assessment of subtalar joint position

by the relationship of the posterior bisections of

the leg and heel. If no subtalar joint abnormal-

ity exists, these lines will be parallel. If the heel Forefoot to

is inverted or everted to the leg, abnormal func-  rearfoot angle
A tion may occur on walking



