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Abstract

The human foot is a flexible structure characterized by a
pronounced medial longitudinal arch (MLA) that compress-
es and recoils during running. That process is actively driven
by the intrinsic foot muscles and requires a proper stability
of the MLA. This introduces the concept of foot core stabil-
ity. Because the intrinsic foot muscles are often neglected by
clinicians and researchers, the purpose of this article is to
provide some guidelines for incorporating foot core training
in prevention or rehabilitation programmes for runners.

The intrinsic foot muscles play a key role in postural con-
trol and maintain balance during single leg stance by con-
trolling the height of the MLA and the foot pronation. During
running, these muscles lengthen eccentrically during the ab-
sorption phase and subsequently shorten as the arch recoils
during the propulsive phase, functioning in parallel to the
plantar fascia.

As a consequence, the dysfunction or weakness of the
MLA active support may lead to injuries (e.g. plantar fasci-
opathy, Achilles or Tibialis posterior tendinopathy, metatar-
salgia or medial tibial stress syndrome), due to numerous
biomechanical cascades and mechanisms.

In order to counteract or prevent these impairments, there
are two ways for enhancing the foot core stability. Firstly in
terms of volitional control of the intrinsic foot muscles, the
“short foot exercise” must be practiced. Secondly strength-
ening sessions using neuromuscular electrical stimulation of
these muscles seem to be a promising strategy in order to
support the MLA and control the pronation during running.

Practically, the foot core strengthening protocol may ben-
eficiate not only the runners affected by excessive pronation
related injuries but also those who sustained a long term low-
er limb injury and may be affected by a detraining process.
In addition we warmly recommend integrating this protocol
in any lower limb injury prevention programme or strength
and conditioning plan for runners.
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Résume

Le pied humain est une structure souple caractérisée par une
arche longitudinale médiale (ALM) prononcée qui se
comprime et se détend pendant la course. Ce processus est
activement assuré par les muscles intrinseques du pied et né-
cessite une bonne stabilité de TALM. Ceci conduit au concept
de gainage du pied. Parce que les muscles intrinseques du pied
sont souvent négligés par les cliniciens et les chercheurs, le but
de cet article est de fournir quelques lignes directrices pour
intégrer les exercices de gainage du pied dans les programmes
de prévention ou de rééducation destinés aux coureurs.

Les muscles intrinseques du pied jouent un réle clé dans
le contrdle postural et le maintien de ’équilibre pendant la
phase d’appui monopodal, en assurant le contrdle de la hau-
teur de ’ALM et de la pronation du pied. Au cours de la
course, ces muscles s’allongent en mode excentrique au cours
de la phase d’absorption puis se raccourcissent ensuite lorsque
l'arche se détend pendant la phase de propulsion, fonctionnant
en parallele avec le fascia plantaire. En conséquence, toute
dysfonctionnement ou toute faiblesse du soutien actif de
’ALM peut engendrer des blessures (ex. fasciopathie
plantaire, tendinopathie Achilléenne ou tibiale postérieure,
meétatarsalgie ou périostite), en raison des nombreux enchai-
nements et mécanismes biomécaniques possibles.

Afin de corriger ou de prévenir ces déficiences, deux
options existent afin d’améliorer le gainage du pied. Tout
d’abord en termes de contrdle volontaire des muscles intrin-
seques du pied, «I’exercice du pied raccourci» doit étre prati-
qué. Deuxiemement, effectuer des séances de renforcement
utilisant I'électrostimulation neuromusculaire de ces muscles
semble étre une stratégie prometteuse pour soutenir TALM et
controler la pronation chez les coureurs.

En pratique, le protocole de gainage du pied peut bénéfi-
cier non seulement aux coureurs touchés par des blessures
liées a une pronation excessive, mais aussi a ceux ayant subi
une blessure au long cours des membres inférieurs et étant
potentiellement désentrainés. En outre, nous recommandons
vivement d’intégrer ce protocole dans tout programme de pré-
vention des blessures du membre inférieur et dans les séances
de préparation physique destinées aux coureurs.

Mots clés:

Muscles intrinseques du pied, Arche longitudinale médiale,
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neuro-musculaire, pronation
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Introduction

The human foot is a flexible structure characterized by a
pronounced medial longitudinal arch (MLA) that compress-
es and recoils. This interface allows mechanical energy to
be firstly stored and subsequently released during each foot
contact while walking and running [1,2]. This is accom-
plished through the deformation of the ML A, which is con-
trolled by numerous structures including intrinsic foot mus-
cles [3]. That process requires a proper stability of the MLA,
which introduces the foot core concept, proposed by McK-
eon et al. as an extension of the concept of core stability
regarding the lumbopelvic region [3]. At the foot plantar sole
level, the local stabilisers are the intrinsic muscles with their
small moment arms and small cross-sectional areas: they
constitute the active subsystem of the foot core. It is worth
noting that the extrinsic foot muscles function as the global
movers of the foot core to generate the movements of the foot
and provide both absorption and propulsion capabilities
during dynamic tasks [3]. The passive subsystem of the foot
core consists of the bones, ligaments and joint capsules that
control the foot’s arches. The third subsystem involved in the
foot core concept is the neural subsystem which consists of
the sensory receptors in the plantar fascia, joint capsules,
ligaments, muscles and tendons involved in the active and
passive subsystems. The interactions between these three
subsystems are further detailed in the paper of McKeon
et al. [3].

Because the IFM are most commonly neglected in as-
sessments and treatments, an essential element of foot core
stability is not addressed. The purpose of this article is to
provide some guidelines for incorporating foot core training
in prevention or rehabilitation programmes for runners.
Running is a cyclic activity where between 31.6% and 84.9%
for an average of 54% of individuals sustain lower extremity
injuries [4]. The whole lower limbs musculature is involved
during the running gait, including the foot core stabilizers,
in other words the intrinsic foot muscles (IFM). It is there-
fore of interest to assess the role of these muscles while
running, to address the potential consequences of a dysfunc-
tion of the IFM and then to consider the reinforcement
of the MLA in different modes for prevention or rehabilita-
tion.

Functions of the intrinsic foot muscles in static
and dynamic modes

As mentioned by Kelly et al., the IFM play a key role in pos-
tural control and are very important to stabilise the foot and
maintain balance during single leg stance [5]. In addition
these muscles are active in maintaining the height of the MLA
and reducing foot pronation during static stance [6,7]. The
overall action of the IFM in static mode has been summarised
under the concept of “active arch buttressing mechanism”;
this muscle group being stretched in a similar way to that of
the plantar fascia in response to MLA deformation [2].

Fifty years ago, some authors already suggested that the
IFM were active stabilisers of the toes during the push off
phase of gait and providing resistance to subtalar joint prona-
tion [8,9].

More recently, it has been shown that, during running, the
IFM slowly lengthen eccentrically during the ML A compres-
sion and subsequently shorten as the arch recoils during the

propulsive phase[10]. Interestingly, the IFM seem to function
in parallel to the plantar fascia, actively regulating the stiff-
ness of the foot in response to the magnitude of forces en-
countered during the running stance phase [10]. These mus-
cles may then contribute to power absorption and generation
at the foot, act as protectors of the plantar fascia and facilitate
optimal foot ground force transmission [3].

Consequences of intrinsic foot muscles
dysfunction or weakness and risk of injuries
for runners

As it is established that IFM play a critical role during the
running stance phase, the question of the consequences of the
dysfunction or weakness of these muscles must then be
addressed.

From epidemiological perspectives, several authors al-
ready mentioned this topic in the past, suggesting that ineffi-
cient active support of the MLA may contribute to injuries
such as plantar fasciitis (recognised as a repetitive strain in-
jury from excessive deformation of the arch) or medial tibial
stress syndrome, through a reduced ability to control foot
pronation [7,11,12].

In the biomechanics community, it has been widely pro-
posed that dysfunction of the plantar intrinsic muscles of the
foot leads to an increase in foot pronation in static stance,
while walking or running [6,7,13]. This may result in a less
rigid foot as the midfoot remains “unlocked” and therefore,
generates less torque leading to inefficient force transmission
through the foot lever and insufficient foot stiffness adapta-
tion in transverse plan. In addition, with excessive pronation,
the angle of pull of the Achilles tendon and the plantar flexors
would be less than ideal such that some of the force generated
by the muscles would pull medially as well as upward
[13-15].

In the same line, Novachek mentioned that the time to
maximum pronation is delayed beyond 40% of stance in case
of excessive pronation. Likewise, the period of pronation is
prolonged delaying the onset of supination. In this case, the
“excessive pronating” runner would not start supinating or
reaching a neutral position until later (i.e. well after propul-
sion phase was to have begun). Accordingly, the foot is not an
effective lever [16].

Other authors reported that a more pronounced pronation
associated with MLA flattening resulted in greater contact
area and maximum force in the medial midfoot in runners
and caused a higher loading of the medial longitudinal arch,
and may consequently overload the first and second metatar-
sal heads [13,17-20].

Finally, we recently showed that running-induced fatigue
increased the loading under the MLA in highly trained
athletes, but not necessary with a concomitant increase of
pronation [21]. Then this is worth noting that MLA dysfunc-
tion or weakness leads to compliance or flattening but not
automatically to global foot pronation.

A last (but not least) parameter should be taken into ac-
count here: the sensorimotor consequences of IFM default.
Indeed, the intrinsic foot muscles provide sensory and motor
contributions to the foot core system and their dysfunction
may contribute to the development of lower extremity overuse
injuries [22].
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Modalities of Medial Longitudinal Arch
strengthening

At this stage, it is critical to address the evidence based meth-
ods and techniques the clinicians may use in order to activate
and strengthen the IFM in order to optimize the MLA control.

Short foot exercise

The main exercise in foot core training is the “short foot ex-
ercise”, enhancing the volitional control of the I[FM [3,23,24].
In this exercise, the patient is asked to contract the IFM in an
isolated way in order to raise the MLA (Figure 1). The patient
learns to activate the IFM through the short foot exercise in
a seated position, the demands of the exercise should be grad-
ually progressed to more challenging activities in double- and
single-limb standing and landing. Four weeks of short foot
exercise training has been shown to improve both local foot
postural control (maintaining an arch during standing activ-
ities) and dynamic single-leg balance [24].

Neuromuscular electrical stimulation of the Intrinsic
Foot Muscles

A complimentary modality for the volitional strengthening of
IFM is neuromuscular electrical stimulation (NMES) of the
IFM, which appears promising as a tool in rehabilitation and
prevention [24].

First of all, this technique can be used to educate patients
during the initial stages of rehabilitation or prevention pro-
grammes by allowing them to understand (and feel) the pre-
cise biomechanics of foot function with involuntary activa-
tion of the IFM rather than trying to have them figure out
how to activate these muscles voluntarily.

The incorporation of this innovative modality on the [IFM
has been shown to enhance foot postural control and plantar
pressure profiles during running [24-26].

Our former experimentations suggested that NMES of
IFM can decrease the navicular drop through a 3-week pro-
gram including three sessions a week or can be used in com-
bination with other exercises during a 5-week protocol result-
ing in a lateral shift of the foot plantar pressure patterns,
which means a decrease of the MLA loading during running
[13,25,26].

In addition, Gaillet et al. reported that a single 20-minute
NMES session of the abductor hallucis induced an immedi-

ate inversion in standing position, which persisted 2 months
later most likely due to the plasticity of spinally mediated
abductor hallucis afferent connections [27]. James et al. re-
ported also that a single 20-minute session of high-frequency,
low-intensity wide-pulse NMES over the same muscle
showed interesting effects during walking, such as an in-
crease in forefoot eversion with concomitant rearfoot inver-
sion in the frontal plane and rearfoot-dominated adduction
in the transverse plane [28].

These latter findings over a single treatment session con-
firm the mechanical effect of NMES as a modality of prima-
ry interest regarding its neurologic-related effect rather than
the strengthening effect [22].

In terms of practical set-up, the patients should stand with
the feet on the ground. The electrical stimulator should deliv-
er NEMS as following for instance: 15 minutes duration,
around 75 NEMS contractions completed during each train-
ing session. Two electrodes are placed behind the head of the
first metatarsal to stimulate the medial arch intrinsic muscles
(Figure 2). Biphasic symmetric regular-wave pulsed currents
(85 Hz) lasting 400 ms are delivered. Each 4-second steady
tetanic stimulation is followed by an active rest period lasting
8 seconds [22,25,26]. Another type of protocol is available,
as prescribed by James et al.: high-frequency, low-intensity
wide-pulse NMES [28].

Regarding proper strengthening programme, patients
should perform an average of 9 to 12 NMES sessions through-
out 3 to 5 weeks. Initially the patients begin in double-leg
stance and progress to single-leg stance activities [22].

It is also recommended to integrate NMES of the IFM in
dynamic tasks like hoping, bouncing or landing as soon as
possible during the progression [3,22].

Relevance in injury prevention and rehabilitation
for runners

This is worth reminding that the foot sole (and by extension
the IFM) is the interface between the body and the ground
while running. Nevertheless when examining the literature
associated with treatment for “overabsorption” types of inju-
ries, evidence for the function of IFM and targeting improve-
ment in their function is very minimal. We hardly think that
this period is over and then we recommend that foot core
strengthening exercises must be a component of a multifac-
torial rehabilitation programme [22].

Figure 1 (A and B): The short foot exercise, A: Starting rest position and B: Intrinsic foot muscles activated. Please note the
flexion of the first phalange while activating the intrinsinc foot muscles and the augmented distance between the tiptoe and
the tape due to foot shortening.
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Figure 2: Localisation of the electrodes for neuromuscular
electrical stimulation programme of the intrinsic foot muscles.

Firstly the foot core strengthening protocol may benefici-
ate the runners affected by excessive pronation related inju-
ries or in other words injuries resulting from a cascade of risk
factors including MLA weakness or dysfunction as well as
real overpronation. There is a large cohort of injuries that
may be integrated in this subgroup (e.g. medial tibial stress
syndrome, medial metarsalgia and metatarsal stress fracture,
Achilles and posterior tibialis tendinopathy, plantar fasciop-
athy, Patello femoral pain syndrome ...) [13,29-33].

In addition we know that any injury keeping the runner
out of running during a relatively long period is going to result
in a detraining and amyotrophy process [24]. We assume that
the IFM must be stimulated and maintained during such an
inactive period in order to prepare the “return to play” phase.

Nevertheless, rehabilitation is probably not the sole field
where the foot core training should be applied. The widely
unexplored topic of injury prevention should also take some
benefit from this concept. It is proposed that the short foot
exercise for instance should be integrated in any propriocep-
tion-targeted injury prevention programme or sometimes
NMES of the IFM in the strength and conditioning sessions
at the gym (simultaneously with squatting or dead lifting for
example).

In the same line, we can notice the development of nu-
merous running clinics or running education centres around
the world; most of the time, one of the targets of the proposed
sessions is to educate the runner to the midfoot strike running
technique in order to prevent excessive passive impact force
at the foot strike [34]. It is worth noting that very progressive
protocols have been set-up in order to prepare the calves mus-
cles that are much more solicited with that technique [34].
We assume that promoting and enhancing as well the foot
core training in such transition programmes is a must, as
these muscles are in the frontline in the shock absorption and
in the propulsion phases.

Conclusion

Dynamic foot control is of primary interest for runners’
health and performance. Overuse injuries related to medial
longitudinal arch control may be related to impairments in
foot stabilization at the stance phase of running, which led
to increased tissue stresses or malalignments. Training the
intrinsic foot muscles may offer benefit to the foot core sys-
tem by increasing the medial longitudinal arch stiffness and
ability to cope with changing demands of dynamic foot con-
trol. Practicing the different techniques of strengthening in
rehabilitation or in training may offer an excellent strategy
for reducing the incidence or preventing the effects of lower
extremity overuse injuries related to poor foot control. In
order to fully validate this strategy, further studies are re-
quired, assessing the effect of the foot core stability protocol
on running-related injury prevalence and recurrence.

Practical implications

— The medial longitudinal arch actively controlled by the
intrinsic foot muscles allows mechanical energy to be
stored and subsequently released during each foot contact
while running.

— Four weeks of short foot exercise training improve both
local foot postural control and dynamic single-leg balance.

— Intrinsic foot muscles strengthening using neuromuscular
electrical stimulation enhances foot postural control and
plantar pressure profiles during running.

— Foot core strengthening programme should be implement-
ed in lower limbs rehabilitation plans and in strength and
conditioning training sessions for runners.

Corresponding authors

Francois Fourchet, PT, PhD
Motion Analysis Laboratory
Department of Physiotherapy
Hopital La Tour, Réseau de Soins
Avenue J.-D. Maillard 3

1217 Meyrin (GE)
francois.fourchet@latour.ch
Phone: + 41 22 719 75 57

Boris Gojanovic, MD

Health & Performance Medical Director
Swiss Olympic Medical Center

Hopital de La Tour

1217 Meyrin (GE)
boris.gojanovic@latour.ch

Phone: +41 22 719 65 65

References

1. Kelly LA, Cresswell AG, Racinais S, Whiteley R, Lichtwark G. Intrinsic
foot muscles have the capacity to control deformation of the longitudinal
arch. J R Soc Interface. 2014;11(93):20131188.

2. Leardini A, Benedetti MG, Berti L, Bettinelli D, Nativo R, Giannini S.
Rear-foot, mid-foot and fore-foot motion during the stance phase of gait.
Gait Posture. 2007;25(3):453-62.

3. McKeon PO, Hertel J, Bramble D, Davis I. The foot core system: a new
paradigm for understanding intrinsic foot muscle function. Br J Sports
Med. 2015;49(5):290.

Foot core strengthening: relevance in injury prevention and rehabilitation for runners 29



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

van Gent RN, Siem D, van Middelkoop M, van Os AG, Bierma-Zeinstra
SM, Koes BW. Incidence and determinants of lower extremity running
injuries in long distance runners: a systematic review. Br J Sports Med.
2007;41(8):469-80; discussion 80.

Kelly LA, Girard O, Racinais S. Impact of Orthoses on Changes in
Neuromuscular Control and Aerobic Cost of a 1-H Run. Med Sci Sports
Exerc. 2011.

Fiolkowski P, Brunt D, Bishop M, Woo R, Horodyski M. Intrinsic ped-
al musculature support of the medial longitudinal arch: an electromyo-
graphy study. J Foot Ankle Surg. 2003;42(6):327-33.

Headlee DL, Leonard JL, Hart JM, Ingersoll CD, Hertel J. Fatigue of
the plantar intrinsic foot muscles increases navicular drop. J Electromyo-
gr Kinesiol. 2008;18(3):420-5.

Mann R, Inman VT. Phasic Activity of Intrinsic Muscles of the Foot. J
Bone Joint Surg Am. 1964;46:469-81.

Gray EG, Basmajian JV. Electromyography and cinematography of leg
and foot (“normal” and flat) during walking. Anat Rec. 1968;161(1):1-15.
Kelly LA, Lichtwark G, Cresswell AG. Active regulation of longitudinal
arch compression and recoil during walking and running. J R Soc Inter-
face. 2015;12(102):20141076.

Wearing SC, Smeathers JE, Urry SR, Hennig EM, Hills AP. The pa-
thomechanics of plantar fasciitis. Sports Med. 2006;36(7):585—-611.
Moen MH, Bongers T, Bakker EW, Zimmermann WO, Weir A, Tol JL,
et al. Risk factors and prognostic indicators for medial tibial stress syn-
drome. Scand J Med Sci Sports. 2012;22(1):34-9.

Fourchet F. Foot-ankle injury prevention in adolescent athletes. Reims:
URCA University of Reims Champagne Ardennes; 2012.

Giannini S, Catani F, Ceccarelli F, Girolami M, Benedetti MG. Kine-
matic and isokinetic evaluation of patients with flat foot. Ital J Orthop
Traumatol. 1992;18(2):241-51.

Snook AG. The relationship between excessive pronation as measured
by navicular drop and isokinetic strength of the ankle musculature. Foot
Ankle Int. 2001;22(3):234-40.

Novacheck TF. The biomechanics of running. Gait Posture. 1998;7(1):
77-95.

Nigg BM. The role of impact forces and foot pronation: a new paradigm.
Clin J Sport Med. 2001;11(1):2-9.

Weist R, Eils E, Rosenbaum D. The influence of muscle fatigue on elec-
tromyogram and plantar pressure patterns as an explanation for the in-
cidence of metatarsal stress fractures. Am J Sports Med. 2004;32(8):
1893-8.

Korpelainen R, Orava S, Karpakka J, Siira P, Hulkko A. Risk factors for
recurrent stress fractures in athletes. Am J Sports Med. 2001;29(3):
304-10.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Chuckpaiwong B, Nunley JA, Mall NA, Queen RM. The effect of foot
type on in-shoe plantar pressure during walking and running. Gait Pos-
ture. 2008;28(3):405-11.

Fourchet F, Kelly L, Horobeanu C, Loepelt H, Taiar R, Millet G.
High-Intensity Running and Plantar-Flexor Fatigability and Plan-
tar-Pressure Distribution in Adolescent Runners. J Athl Train. 2014.
McKeon PO, Fourchet F. Freeing the Foot: Integrating the Foot Core
System into Rehabilitation for Lower Extremity Injuries. Clin Sports
Med. 2015;34(2):347-61.

Mulligan EP, Cook PG. Effect of plantar intrinsic muscle training on
medial longitudinal arch morphology and dynamic function. Man Ther.
2013;18(5):425-30.

Fourchet F, James D, McKeon PO. To what extent does intrinsic foot
muscle strengthening enhance rehabilitation outcomes for ankle sprains?
In: McKeon PO, Wikstrom E, editors. Quick Questions in Ankle
Sprains: Expert Advice in Sports Medicine: SLACK; 2015. p. 139-42.
Fourchet F, Kuitunen S, Girard O, Beard AJ, Millet GP. Effects of Com-
bined Foot/Ankle Electromyostimulation and Resistance Training on
the In-Shoe Plantar Pressure Patterns during Sprint in Young Athletes.
J Sports Sci Med. 2011;10(2):292-300.

Fourchet F Kuitunen M, Loepelt H, Millet G.P. Plantar muscles elec-
tro-stimulation and navicular drop. Science & Sports. 2009;24(5):
262—4.

Gaillet JC, Biraud JC, Bessou M, Bessou P. Modifications of baropodo-
grams after transcutaneous electric stimulation of the abductor hallucis
muscle in humans standing erect. Clin Biomech (Bristol, Avon).
2004;19(10):1066-9.

James DC, Chesters T, Sumners DP, Cook DP, Green DA, Mileva KN.
Wide-Pulse Electrical Stimulation to an Intrinsic Foot Muscle Induces
Acute Functional Changes in Forefoot-Rearfoot Coupling Behaviour
during Walking. Int J Sports Med. 2012.

Stovitz SD, Coetzee JC. Hyperpronation and foot pain: steps toward
pain-free feet. Phys Sportsmed. 2004;32(8):19-26.

Hintermann B, Nigg BM. Pronation in runners. Implications for injuries.
Sports Med. 1998;26(3):169-76.

Kader D, Saxena A, Movin T, Maffulli N. Achilles tendinopathy: some
aspects of basic science and clinical management. Br J Sports Med.
2002;36(4):239-49.

Maffulli N, Testa V, Capasso G, Ewen SW, Sullo A, Benazzo F, et al.
Similar histopathological picture in males with Achilles and patellar
tendinopathy. Med Sci Sports Exerc. 2004;36(9):1470-5.

Clement DB, Taunton JE, Smart GW. Achilles tendinitis and peritendi-
nitis: etiology and treatment. Am J Sports Med. 1984;12(3):179-84.
Davis IS, Bowser BJ, Mullineaux DR. Reduced vertical impact loading
in female runners with medically diagnosed injuries: a prospective in-
vestigation. Br J Sports Med. 2016;0:1-7.

30

Fourchet, Gojanovic





