Evolution of Foot Orthoses in Sports
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Introduction

Foot orthoses have been used for well over 200 years by the medical profession for
the treatment of various pathologies of the foot and lower extremity [1, 2]. Starting
from their simple origins as leather, cork, and/or metallic in-shoe arch supports, foot
orthoses have gradually evolved into a complex assortment of in-shoe medical
devices that may be fabricated from a multitude of synthetic and natural materials
to accomplish the intended therapeutic goals for the injured patient. For the clini-
cian that treats both athletic and nonathletic injuries of the foot and lower extremity,
foot orthoses are an invaluable therapeutic tool in the treatment of many painful
pathologies of the foot and lower extremity, in the prevention of new injuries in the
foot and lower extremity and in the optimization of the biomechanics of the indi-
vidual during sports and other weight-bearing activities. Because of their therapeu-
tic effectiveness in the treatment of a wide range of painful mechanically based
pathologies in the human locomotor apparatus, foot orthoses are often considered
by many podiatrists, sports physicians, and foot-care specialists to be one of the
most important treatment modalities for these conditions.
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Definition of Foot Orthoses

To the lay public and many medical professionals, foot orthoses are often described
by the slang word “orthotics” to describe the wide variety of in-shoe devices rang-
ing from non-custom arch supports to prescription custom-molded foot orthoses.
Because of this potentially confusing problem with terminology, this chapter will
use the term “foot orthosis” to describe all types of therapeutic in-shoe medical
devices that are intended to treat pathologies of the foot and/or lower extremities.

It is appropriate within the context of laying down proper terminology for foot
orthoses that a proper definition also be given. Dorland’s Medical Dictionary gives
a relatively generic definition of an orthosis as being “an orthopedic appliance or
apparatus used to support, align, prevent, or correct deformities or to improve the
function of movable parts of the body [3].” Wu defined a foot orthosis as “a medical
device employed to support and align the foot, to prevent or correct foot deformi-
ties, or to improve the functions of the foot [4].” However, it is clear from the pre-
vailing research that will be reviewed in this chapter that foot orthoses have a much
more complex function than simply “supporting or aligning the skeleton” or serving
to “support and align the foot.” Due to the need for a more modern definition
of these in-shoe medical devices, especially considering the extensive scientific
research that has been performed on foot orthoses within the past few decades,
Kirby, in 1998, proposed the following definition for foot orthoses:

An in-shoe medical device which is designed to alter the magnitudes and temporal patterns
of the reaction forces acting on the plantar aspect of the foot in order to allow more normal
foot and lower extremity function and to decrease pathologic loading forces on the struc-
tural components of the foot and lower extremity during weight-bearing activities [5].

Historical Evolution of Foot Orthoses

Foot orthoses have been used by clinicians for the treatment of foot and lower
extremity pathologies for well over two centuries. One of the earliest references to
the use of foot orthoses in the medical literature came in 1781 from a Dutch physi-
cian, Petrus Camper, who described treating children with flatfoot deformity with
arch-supporting in-shoe orthoses [2]. In 1845, Lewis Durlacher, a British chiropo-
dist who was appointed as surgeon-chiropodist for King George IV, King William
IV, and Queen Victoria, advocated the use of leather foot orthoses to correct for
“plantar pressure lesions” and “foot imbalances” [6]. Other practitioners and boot-
makers of Durlacher’s era described the use of built-up in-shoe leather devices and
the medical literature of the era described foot orthoses as being valuable medical
devices for the treatment of painful pathologies and deformities within the foot and
lower extremity [1, 7]. The medical literature of the late nineteenth century and
early twentieth century also describes the efforts of pioneering podiatrists and medi-
cal doctors, such as Whitman [8, 9], Roberts [10], Schuster [1], Morton [11], Levy [12],
and Helfet [13], to create more effective foot orthoses for the treatment of mechani-
cally based foot pathologies.
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Even though foot orthoses were being used by many medical practitioners in the
first half of the twentieth century, it was not until 1958 that the era of modern foot
orthosis therapy began. It was at this time, when a California podiatrist, Merton
Root, began to fabricate thermoplastic foot orthoses made around feet casted in a
subtalar joint (STJ) rotational position [which he coined as the “neutral position” in
1954] that the era of modern prescription foot orthoses was born [14—18]. The intro-
duction by Root and coworkers of a new lower extremity biomechanical classifica-
tion system based on the STJ neutral position and of eight “biophysical criteria for
normalcy” of the foot and lower extremity that were supposedly required to be
present in the foot and lower extremity before it could be considered ideal, or
“normal,” served as the biomechanical basis for many clinicians involved in foot
orthosis therapy since the mid-1960s [19]. Later refinements and modifications to
the modern foot orthosis made by Henderson and Campbell [20], Blake [21-23],
Kirby [5, 24, 25], and others [26] have added significantly to the potential therapeu-
tic effectiveness and range of pathologies that may be treated with foot orthoses.

Research and Theory on Orthosis Function

The early medical literature on foot orthoses, even though it was probably quite valu-
able for the clinician of that era, unfortunately consisted of only a few anecdotal
accounts from interested practitioners regarding the therapeutic effectiveness of foot
orthoses on their own patients. However, in today’s medical environment, which
demands more evidence-based research to inform the clinician of the most effective
medical therapy to choose for their patients, anecdotal reports of a single clinician’s
results with foot orthoses is no longer considered to be evidence of high value [27].
Fortunately, due to the numerous computer-based technological advances that have
occurred over the past few decades, both clinical specialists and researchers within
the international biomechanics community have been able to more effectively combine
their efforts to produce a virtual explosion in foot orthosis research [28]. The effective
synergistic collaboration between clinician and researcher [29, 30] has enabled the
medical specialties to progress toward better scientific validation of the observations
that clinicians have been claiming for over two centuries in the successful treatment of
their injured athletes and nonathletes with foot orthoses.

Research on Therapeutic Effectiveness of Orthoses

Numerous research studies have now provided for solid validation of the therapeutic
effectiveness of the treatment of injuries within both the athletic and nonathletic
population. In the recreational and competitive runner, the success rate at treating
various foot and lower extremity injuries has been reported as being between 50 and
90% [31-34]. A complete resolution or significant improvement in symptoms was
found in the foot orthosis treatment of injuries in 76% of 500 distance runners [35].
In 180 patients with athletic injuries, 70% of the athletes reported that foot orthoses
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“definitely helped” their injuries [21]. In addition, 76.5% of patients improved and
2% were asymptomatic after 2—4 weeks of receiving the custom foot orthoses in a
study of 102 athletic patients with patellofemoral pain syndrome [36].

Further evidence of the therapeutic effects of foot orthoses comes from the
research literature on treatment of nonathletic injuries. In a study of 81 patients
treated with foot orthoses, 91% were “satisfied” and 52% “wouldn’t leave home
without them” [37]. In a study of 520 patients treated with foot orthoses, 83% were
satisfied and 95% reported their problem had either partially or completely resolved
with their orthoses [38]. The majority of the 275 patients that had worn custom foot
orthoses for over a year had between 60 and 100% relief of symptoms with only 9%
reporting no relief of symptoms [39]. In a prospective study of 79 women over the
age of 65, the group of subjects that received custom foot orthoses and was given
guidance on shoe fitting had significant improvements in mental health, bodily pain,
and general health compared to their non-orthosis wearing controls so that foot
orthosis intervention was determined to be “markedly effective not only in the phys-
ical but also in the mental aspect” [40].

Recent prospective scientific studies have yielded very positive results indicating
the potential for foot orthoses to not only successfully treat injuries but also to pre-
vent injuries in athletic individuals. In a large scale prospective study by Franklyn-
Miller and colleagues at the Britannia Royal Naval College in the United Kingdom,
400 military officer trainees were divided into an orthosis group (n = 200) and a
no-orthosis group (n = 200) and were followed over a 7 week period of basic train-
ing. The number of injuries in the no-orthosis group was 61, while the number of
injuries in the orthosis group was only 21 over the 7 week period, representing a
very significant injury risk reduction for foot orthoses (p < 0.0001). In their study,
Frankly-Miller and colleagues also found a tenfold reduction in medial tibial stress
syndrome and a sevenfold reduction in the rate of chronic exertional compartment
syndrome in the recruits that wore foot orthoses during basic training [41].

In another prospective study of infantry recruits, those recruits wearing foot
orthoses had an 11.3-16.3% reduction in incidence of stress fractures than in the
non-orthotic control group [42]. Yet another prospective study in military recruits
found that foot orthoses reduced the incidence of femoral stress fractures in those
recruits with pes cavus deformity and reduced the incidence of metatarsal fractures
in those recruits with pes planus deformity [43].

A very recent prospective double-blind randomized clinical trial that compared
custom foot orthoses to prefabricated foot orthoses and sham insoles in 77 patients
with plantar fasciitis symptoms demonstrated that the custom foot orthosis group
had a fivefold greater improvement in spontaneous physical activity versus the pre-
fabricated insole and sham insole groups [44]. In another study on the orthosis treat-
ment of plantar fasciitis, a 75% reduction in disability rating and a 66% reduction in
pain rating were found when patients wore custom foot orthoses [45].

A recent study of 179 subjects with patellofemoral syndrome of over 6 weeks
duration treated either with foot orthoses or with physiotherapy and flat insoles shows
that foot orthoses produced a significant improvement in treatment success (85%)
versus the flat insoles (58%) [46]. In a study of 20 female adolescent subjects with
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patellofemoral syndrome, foot orthoses were found to significantly improve
symptoms versus muscle strengthening alone [47]. Also, in a recent study of 52 sub-
jects with patellofemoral syndrome, foot orthoses produced significant improve-
ments in pain, and the ability of subjects to perform single-leg squats, step downs,
and single-leg rises from sitting [48]. Another study on 40 subjects with anterior knee
pain of at least 6 weeks duration were treated either with foot orthoses or with no
treatment and found that the orthoses produced significant improvements in both
symptoms and function (p = 0.008) versus the “wait and see” approach [49].

In research on 64 subjects with osteoarthritis in the foot and ankle, 100% of the
patients wearing orthoses had significantly longer relief of pain than those patients
receiving only nonsteroidal anti-inflammatory drugs [50]. Further support for the
mechanical potential for foot orthoses to decrease the internal loading forces on the
foot and lower extremity comes from a recent study of 42 patients with mechanical
midfoot pain and bone marrow lesions on MRI that showed that foot orthoses
reduced the bone marrow lesions by 26%, compared to the only 4% reduction in
bone marrow lesions in the sham insole group [51].

In certain other medical conditions, foot orthoses have also been found to be
therapeutic. In 16 subjects with hemophilia A treated over a 6 week period with foot
orthoses, there was found to be significant control of ankle bleeds, decreased pain,
decreased disability, and increased activity [52]. Significant improvement in pain
and a decrease in foot disability also occurred in patients with rheumatoid arthritis
(RA) when they wore custom foot orthoses [53-55]. In addition, in a recent ran-
domized control trial of 40 children with juvenile idiopathic arthritis, it was found
that the children wearing custom foot orthoses had significantly greater improve-
ments in overall pain, speed of ambulation, foot pain, and level of disability when
compared to those that received shoe inserts or shoes alone [56]. Custom foot ortho-
ses were also found to significantly improve the pain and quality of life in 60 chil-
dren with juvenile idiopathic arthritis over a 6 month period of treatment [57].

Plantar forefoot pain, or metatarsalgia, has likewise been found to be effectively
treated with foot orthoses. In a prospective of 151 subjects with pes cavus defor-
mity, when the subjects wore custom orthoses for 3 months, they showed significant
decreases in foot pain, increases in quality of life, and three times more reduction in
the magnitude of forefoot plantar pressure when compared to when they wore sham
insoles [58]. Plantar forefoot pain, including the force impulse and peak pressure at
the metatarsal heads, was found to be significantly reduced in 42 subjects with
metatarsalgia that received custom foot orthoses [59]. In addition, multiple studies
have noted the significant effect that foot orthoses can have to reduce the magnitude
of plantar pressures and aid in the healing of diabetic neuropathic ulcers [60—64].

Recently, the treatment of medial knee osteoarthritis (OA) with customized foot
orthoses has also received considerable attention within the research literature. In a
prospective study of 156 subjects treated with medial knee OA, there was a signifi-
cant decrease in nonsteroidal anti-inflammatory drug usage in the subjects that wore
foot orthoses [65]. In 30 subjects with medial knee OA treated with foot orthoses,
there was significant reduction in knee pain after using foot orthoses at both the
3-week and 9-week assessment periods [66]. Multiple scientific studies have shown
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that the valgus-wedged foot orthoses used to treat medial knee OA cause a reduction
in the magnitude of external knee adduction moment during gait [67-76].

Research has shown that valgus-wedged orthoses causes a lateral shift in the
center of pressure (CoP) acting on the plantar foot, which mechanically correlates
with a reduction in the external knee adduction moment [77-79]. There are numer-
ous recent studies that have confirmed the positive changes in knee mechanics and
knee symptoms that can occur with appropriate application of various types and
degrees of valgus-wedged foot orthoses [80—83]. A review of the literature regard-
ing the treatment of medial compartment knee osteoarthritis with laterally wedged
foot orthoses led researchers to conclude that their “data indicate a strong scientific
basis for applying wedged insoles in attempts to reduce osteoarthritic pain of
biomechanical origin” [84].

Another recent focus of attention within foot orthosis research has been on bal-
ance and a prevention of falls in the elderly. Postural medial-lateral sway and CoP
length and velocity was noted to decrease in multiple studies on the effects of foot
orthoses during balance during unipedal and bipedal standing [85-87]. In 13 sub-
jects over 65 years old with a history of poor balance and falls, it was found that all
balance tests were improved with the use of foot orthoses [88]. In addition, in a
study of 94 elderly women with osteoporosis that were assigned to two groups, one
group that received orthoses and the other group not treated with orthoses, the group
treated with orthoses showed significant improvements in balance and reductions in
pain and disability versus the no-orthosis group [89].

In this extensive review of the research literature on foot orthoses over the past
four decades, it is clear that foot orthoses have the potential ability to relieve the
symptoms from many painful and disabling foot and lower extremity pathologies,
prevent new injuries from occurring and improve balance. These facts, combined
with the author’s personal experience of treating over 18,000 patients within the
past 30 years with custom foot orthoses, make it very clear that foot orthoses can
offer significant therapeutic benefit to both athletic and nonathletic patients.

Theories of Foot Orthosis Function

Even though the therapeutic efficacy of foot orthoses has been well documented
within the medical literature for the past quarter century, the biomechanical expla-
nation for the impressive therapeutic effects of foot orthoses has been a matter of
speculation for well over a century. In 1888, Whitman made a metal foot brace that
worked on the theory that the foot could be pushed into proper position either by
force or by pain with the use of hard medial and lateral flanges that would rock into
inversion once the patient had stepped on it [8]. Morton, in 1935, believed that a
“hypermobile first metatarsal segment” was the cause of many foot maladies and
that his “compensating insole”” with an extension plantar to the first metatarsopha-
langeal joint would relieve “concentration of stresses on the second metatarsal seg-
ment” [11]. Even though early authors claimed excellent clinical results with foot
orthoses [13, 90, 91], none offered coherent mechanical theories that described how
foot orthoses might accomplish their impressive therapeutic results.
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In the late 1950s and early 1960s, Root and his coworkers from the California
College of Podiatric Medicine in San Francisco developed a classification system
based on an ideal or “normal” structure of the foot and lower extremity that used
Root’s concept of the STJ neutral position as a reference position for the foot
[14, 15, 19,92, 93]. Root and coworkers integrated their ideas of “normal” structure
into an orthosis prescription protocol that had the following goals: (1) to cause the
STJ to function around the neutral position, (2) to prevent compensation, or abnor-
mal motions, for foot and lower extremity deformities, and (3) to “lock the midtar-
sal joint” [94].

New ideas on foot and foot orthosis function came in 1987 when Kirby first
proposed that abnormal STJ rotational forces (i.e., moments) were responsible for
many mechanically based pathologies in the foot and lower extremity and that
abnormal spatial location of the STJ axis was the primary cause of these pathologi-
cal STJ moments [95]. These ideas were based on the development of the plantar
palpation technique for locating the STJ axis [95], a technique which has recently
been found to be both reliable and valid within the scientific literature [96, 97].

A foot with a medially deviated STJ axis was suggested to be more likely to suf-
fer from pronation-related symptoms since ground reaction force (GRF) would
cause increased magnitudes of external STJ pronation moments (Figs. 2.1 and 2.2).
A foot with a laterally deviated STJ axis would tend to suffer from supination-
related symptoms since GRF would cause increased magnitudes of external STJ
supination moments [95]. Kirby proposed that medial and lateral deviation of the
STJ axis caused abnormal changes in the magnitudes of internal STJ moments that
are produced by contractile activity of the extrinsic muscles of the foot [95, 99]
(Fig. 2.3). When STJ axis spatial location was combined with the mechanical con-
cept of rotational equilibrium, a new theory of foot function, the “Subtalar Joint
Axis Location and Rotational Equilibrium (SALRE) Theory of Foot Function,”
emerged to offer a coherent explanation for the biomechanical cause of many
mechanically based pathologies of the foot and lower extremity [95, 98, 99].

In 1992, Kirby and Green first proposed that foot orthoses functioned by altering
the external STJ moments that were created by the mechanical actions of ground
reaction force (GRF) acting on the plantar foot during weight-bearing activities
[93]. They hypothesized that foot orthoses were able to exert their ability to “control
pronation” by converting GRF acting lateral to the STJ axis into a more medially
located orthosis reaction force (ORF) that would be able to generate increased
external STJ supination moments during weight-bearing activities. Using the exam-
ple of a foot orthosis with a deep inverted heel cup, known as the Blake Inverted
Orthosis [21-23, 100], they proposed that the inverted heel cup orthosis produced
its impressive clinical results in relieving pronation-related symptoms by increasing
the ORF on the medial aspect of the plantar heel so that increased external STJ
supination moments would result [93].

Kirby later introduced a foot orthosis modification called the medial heel skive
technique (Fig. 2.4) that also produced an inverted heel cup in the orthosis, shifted
the ORF medially on the plantar heel, and, as a result, increased the external STJ
supination moment to more effectively treat difficult pathologies such as pediatric
flatfoot deformity, posterior tibial tendon dysfunction, and sinus tarsi syndrome [24].
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Fig.2.1 Inafoot with a normally positioned subtalar joint (STJ) axis (center), the ground reaction
force plantar to the calcaneus (GRF(), will cause a STJ supination moment since it acts medial to
the STJ axis. Ground reaction force acting plantar to the fifth metatarsal head (GRFgr) will cause a
STJ pronation moment since it acts lateral to the STJ axis. In a foot with a medially deviated STJ
axis (left), since the plantar calcaneus now has a decreased STJ supination moment arm when
compared to normal, GRF¢ will cause a decreased magnitude of STJ supination moment. Since the
fifth metatarsal head has an increased STJ pronation moment arm, GRFg: will cause an increased
magnitude of STJ pronation moment when compared to normal. However, in a foot with a laterally
deviated STJ axis (right), since the plantar calcaneus now has an increased STJ supination moment
arm, GRF¢ will cause an increased magnitude of STJ supination moment, and since the fifth meta-
tarsal head has a decreased STJ pronation moment arm, GRFgs will cause a decreased magnitude
of STJ pronation moment when compared to normal. Therefore, the net result of the mechanical
actions of ground reaction force on a foot with a medial deviated STJ axis is to cause increased
magnitude of STJ pronation moment, and the net mechanical result of a laterally deviated STJ axis
is to cause increased magnitude of STJ supination moment. (Reprinted with permission from
Kirby KA: Subtalar joint axis location and rotational equilibrium theory of foot function. JAPMA,
91:465-488, 2001)

The proposed mechanical effect of the medial heel skive modification of shifting the
ORF medially on the plantar aspect of the heel of the foot has been supported by
recent research by Bonanno et al. [101]. Other similar inverted heel cup modifica-
tions to foot orthoses have been introduced since the introduction of the medial heel
skive technique which likely mechanically act in a similar manner to the medial heel
skive modification [102-104].

Foot and lower extremity pathologies caused by excessive magnitudes of exter-
nal STJ supination moment, such as chronic peroneal tendinopathy and chronic
inversion ankle sprains, were also proposed to be caused by the interaction of GRF
acting on the foot with an abnormally laterally deviated STJ axis [5, 25, 98, 99].
It was suggested that the abnormal STJ supination moments would be best treated
with an increased valgus construction within the foot orthosis, including the
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Fig.2.2 Inthe model above, a posterior view of the right foot and ankle are modeled as consisting
of the talus and tibia combined together to form the talotibial unit which articulates with the foot
at the subtalar joint (STJ) axis. The external forces acting on the foot include ground reaction force
(GRF) plantar to the calcaneus (GRF¢), GRF plantar to the medial forefoot (GRFy;), and GRF
plantar to the lateral forefoot (GRFy). In a foot with a normal STJ axis location (center), the more
central location of the STJ axis relative to the structures of plantar foot allows GRF., GRFy;, and
GRF; to cause a balancing of STJ supination and STJ pronation moments so that more normal foot
function occurs. In a foot with a medially deviated STJ axis (left), the more medial location of the
STJ axis relative to the plantar structures of the foot will cause a relative lateral shift in GRFc,
GRF,;, and GRF, increasing the magnitude of STJ pronation moment and causing more pronation-
related symptoms during weight-bearing activities. In a foot with a laterally deviated STJ axis
(right), the more lateral location of the STJ axis relative to the plantar structures of the foot will
cause a relative medial shift in GRF., GRF,;, and GRF,, increasing the magnitude of STJ supina-
tion moment and causing more supination-related symptoms

addition of the lateral heel skive technique [105] within the heel cup of the orthosis.
In this fashion, the orthosis would mechanically increase the magnitude of external
STIJ pronation moments by shifting ORF more laterally on the plantar foot to more
effectively treat supination-related symptoms and pathologies.

In the late 1980s and 1990s, a number of other authors likewise started focusing
on the idea that orthosis treatment should not be determined by the results of measur-
ing “deformities” of the foot and lower extremity, as proposed by Root and cowork-
ers, but rather should be determined by the location and nature of the internal loading
forces and internal stresses acting on and within injured structures of the patient. The
idea that pathological internal loading forces acting on the foot and lower extremity
in sports and other weight-bearing activities may be effectively modeled to develop
better treatment strategies was pioneered by Benno Nigg and coworkers at the
University of Calgary, Canada. Nigg and coworkers realized that since invasive inter-
nal measurements could not be made on patients to determine the absolute magni-
tudes of internal loading forces, reliable estimates of these forces could instead be
made with more effective models of the foot and lower extremity [106—108].

However, it was not until 1995, when McPoil and Hunt first coined the term
“Tissue Stress Model” that one of the most recent foot orthosis treatment models
was given a proper name. McPoil and Hunt suggested that foot orthosis therapy
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Fig.2.3 In a foot with a normal STJ axis location (center), the posterior tibial (PT), anterior tibial
(AT), extensor hallucis longus (EHL), and Achilles tendons (TA) will all cause a STJ supination
moment when they exert tensile force on their osseous insertion points since they all insert medial
to the STJ axis. However, the extensor digitorum longus (EDL), peroneus tertius (TER), and pero-
neus brevis (PB) tendons will all cause a STJ pronation moment when they exert tensile force on
their insertion points since they all insert lateral to the STJ axis. However, in a foot with a medially
deviated STJ axis (left), since the muscle tendons located medial to the STJ axis have a reduced
STJ supination moment arm, their contractile activity will cause a decreased magnitude of STJ
supination moment when compared to normal. In addition, since the muscle tendons lateral to the
STJ axis have an increased STJ pronation moment arm, their contractile activity will cause an
increased magnitude of STJ pronation moment. In addition, in a foot with a laterally deviated STJ
axis (right), since the muscle tendons medial to the STJ axis have an increased STJ supination
moment arm, their contractile activity will cause an increased magnitude of STJ supination
moment when compared to normal. Since the muscle tendons lateral to the STJ axis have a
decreased STJ pronation moment arm, their contractile activity will cause a decreased magnitude
of STJ pronation moment. Therefore, the net mechanical effect of medial deviation of the STJ axis
on the actions of the extrinsic muscles of the foot is to cause increased magnitudes of STJ prona-
tion moment and the net mechanical effect of lateral deviation of the STJ axis on the actions of the
extrinsic muscles of the foot is to cause increased magnitudes of STJ supination moment

should be directed toward reducing abnormal levels of tissue stress in order to more
effectively design mechanical treatment aimed at healing musculoskeletal injuries
caused by pathological internal stress acting on and within the structural compo-
nents of the foot and lower extremity. They felt that by focusing the clinician’s
attention on the abnormal stresses causing the injury, rather than on measuring
“deformities” of the lower extremity, that optimal mechanical foot therapy could be
better achieved [109].
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Fig.2.4 1In the illustrations above, the posterior aspect of the right foot with a medially deviated
subtalar joint (STJ) axis is shown in a shoe without an orthosis (/eft) and also is shown in a shoe
with a medial heel skive foot orthosis (right). In the shoe with only the insole under the foot (lef?),
the medially deviated STJ axis will cause increased STJ pronation moment since the shoe reaction
force is more centrally located at the plantar heel. However, when the varus heel cup of a medial
heel skive foot orthosis is added to the shoe (right), the resultant medial shift in orthosis reaction
force will cause a decrease in STJ pronation moment and an increase in STJ supination moment.
Therefore, foot orthoses with varus heel cup modifications, such as the medial heel skive, are more
effective at treating symptoms caused by excessive foot pronation due to their ability to shift reac-
tion forces more medially on the plantar foot and, thereby, greatly increase the STJ supination
moment acting on the foot

Following up on the ideas embodied within the Tissue Stress Model, Fuller
described, in 1996, how computerized gait evaluation and modeling techniques
could be effectively used to guide foot orthosis treatment by aiding in the prediction
of abnormal stresses within the foot and lower extremity [110]. Three years later,
Fuller described how the location of the CoP on the plantar foot relative to the spa-
tial location of the STJ axis may help direct orthosis therapy for foot pathologies
resulting from abnormal STJ moments [111]. In later published works, Fuller and
Kirby further explored the idea of reducing pathological tissue stress with orthoses
and how this could be integrated with the SALRE Theory of Foot Function and an
analysis of midtarsal joint kinetics (Fig. 2.5) to guide the clinician toward a better
understanding of foot orthosis function and toward more effective foot orthosis
treatments for their patients with mechanically based foot and lower extremity inju-
ries [5, 112, 113]. Recent articles on the shift of foot orthosis treatment paradigms
away from the Root model of STJ neutral and toward the Tissue Stress Model of
treatment have focused on many of the shortcomings of the Root Subtalar Joint
Neutral Model that not only lacks research validation but also uses the unsupported
concept that “foot deformities” cause “compensations” or abnormal gait patterns
during weight-bearing activities [114, 115].
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Fig.2.5 During standing without a foot orthosis (left), ground reaction force acting plantar to the
rearfoot (GRFgg), Achilles tendon tensile force acting on the posterior rearfoot and vertical loading
force from the tibia acting onto the superior talus work together to mechanically cause a rearfoot
plantarflexion moment which tends to cause the rearfoot to plantarflex at the ankle. In addition,
ground reaction force acting plantar to the forefoot (GRFgg) causes a forefoot dorsiflexion moment
which tends to cause the forefoot to dorsiflex at the midtarsal joint (MTJ). Both the resultant rear-
foot plantarflexion moment and forefoot dorsiflexion moment tend to cause the longitudinal arch
of the foot to flatten. However, when a custom foot orthosis is constructed for the foot that applies
a significant orthosis reaction force (ORF) to the plantar aspect of the longitudinal arch (right), the
resultant increase in ORF at the plantar midfoot combined with the resultant decrease in GRFgy
and GRFg: will cause an increase in rearfoot dorsiflexion moment and an increase in forefoot
plantarflexion moment. By this mechanical method, foot orthoses help resist longitudinal arch flat-
tening to produce one of the strongest biomechanical and therapeutic effects of orthoses on the foot
and lower extremity

In 2001, another new theory of foot orthosis function, the “Preferred Movement
Pathway Model,” was proposed by Nigg and coworkers that was claimed to be a
“new paradigm for movement control.” Basing their new theory on previous scien-
tific research, Nigg and coworkers proposed that foot orthoses do not function by
realigning the skeleton but rather function by producing a change in the “muscle
tuning” of the lower extremity via their alteration of the input signals into the plan-
tar foot during athletic activities. It was suggested that if the preferred movement
path is counteracted by the orthosis/shoe combination, then muscle activity would
be increased, but conversely, if the preferred movement path is allowed by the
orthosis/shoe combination, then lower extremity muscle activity would be reduced
[116-118]. Even though the theory of Nigg et al. has received considerable atten-
tion within the international biomechanics community, their theory, and all the
other abovementioned theories, will require much further research to either sup-
port or reject their validity. These and other theories of foot function have been
described in much greater detail in the excellent review articles by Payne [119] and
Lee [15].
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Research on Biomechanical Effects of Foot Orthoses

As mentioned earlier, over the last few decades, there has been a surge in the quality
and number of foot orthosis biomechanics research studies on both athletes and non-
athletes. Much of the improvement in the quality of research studies on foot orthoses
are likely due to many new technological advances that are now available within the
modern biomechanics laboratory. These facilities are able to perform advanced bio-
mechanical analyses in a relatively short period of time on subjects using accelerom-
eters, force plates, pressure mats, pressure insoles, strain gauges, and computerized
three-dimensional motion analysis. In addition, advanced computer modeling tech-
niques, such as inverse dynamics analysis and finite element analysis, have allowed
researchers to better understand the kinetics of gait and investigate the changes in
internal loading forces that occur in feet with different orthosis designs. All of these
technological advances have allowed researchers to provide very meaningful insights
into how foot orthoses biomechanically produce their significant positive therapeutic
effects in the treatment of foot and lower extremity injuries [28].

Since early research on the effects of foot orthoses on running biomechanics
showed that there was little to no change in the kinematics of gait function with foot
orthoses, many doubted whether foot orthoses had any significant biomechanical
effect on the foot and lower extremity of the individual [120-123]. However, as the
sophistication of biomechanics research has progressed over the past few decades,
important new research has now shed more light as to how foot orthoses may change
the mechanical function of the foot and lower extremities and help heal injuries in
athletes and nonathletes [124—128]. With this newer, more sophisticated research,
the multiple alterations that occur in the internal forces and internal moments (i.e.,
kinetics) of the lower extremities with foot orthoses can now be determined which
has produced exciting new research evidence regarding how foot orthoses may
produce their biomechanical effects.

Foot Orthoses Alter Foot and Lower Extremity Kinematics
and Kinetics
Foot orthoses have been conclusively shown to alter the motion patterns (i.e.,
kinematics) of the foot and lower extremities in numerous scientific research studies.
Research has now shown a decrease in maximum rearfoot eversion angle [120, 121,
128-134], a decrease in maximum rearfoot eversion velocity [121, 128, 133-135], a
decrease in maximum ankle dorsiflexion angle [128], a decrease in maximum internal
tibial rotation [127, 129, 136, 137], and a decrease in knee adduction [127, 129, 137].
Foot orthoses have also been shown to conclusively alter the internal forces and
internal moments (i.e., kinetics) acting on and within the segments of the foot and
lower extremity during running. Recent research has shown a decrease in maximum
internal ankle inversion moment [126—128, 135] (Fig. 2.6), changes in maximum
knee external rotation moment [126], and changes in knee abduction moment [127]
during running with foot orthoses. In addition, a decrease in impact peak and maxi-
mum vertical loading rate was seen in runners treated with foot orthoses [126].
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Fig.2.6 Research has shown that foot orthoses change the kinetics of gait by altering the internal
forces acting on the segments of the foot and lower extremity. In the model illustrated above of the
posterior aspect of a right foot with a medially deviated STJ axis, when the posterior tibial muscle
contracts with increased force to cause increased tensile force on its tendon, an increased internal
inversion moment will be measured (/eff). However, when an anti-pronation custom foot orthosis
is designed for the foot to shift the orthosis reaction force more medial on the plantar heel and
longitudinal arch, the resultant increase in external STJ supination moment from the orthosis (see
Fig. 2.4) will cause a decrease in posterior tibial muscle contractile force and a decrease in tendon
tensile force which will also result in a decrease in measured internal inversion moment (right).
It is by this proposed mechanism that foot orthoses may relieve symptoms and heal injuries in the
athlete and nonathlete but, in doing so, may also cause little change in measured foot and lower
extremity gait kinematics

In addition to the more prevalent research on the biomechanical effects of foot
orthoses during running, studies have also shown that foot orthoses significantly
affect the biomechanics of walking. Decreased rearfoot pronation and decreased
rearfoot pronation velocity with varus-wedged orthoses and increased rearfoot pro-
nation with valgus-wedged were demonstrated in subjects that walked on both
varus-wedged and valgus-wedged foot orthoses [133, 134]. In addition, patients
with RA that wore foot orthoses for 12 months showed significant reductions in
rearfoot eversion and internal tibial rotation [138]. These studies conclusively dem-
onstrate that foot orthoses are able to alter both the motion patterns and internal
forces and moments acting within the foot and lower extremity during both running
and walking activities. The more recent research on the kinetics and kinematics of
foot orthosis function also support the theories mentioned earlier that proposed that
foot orthoses work largely by altering the internal forces within the foot and lower
extremity by changing the moments acting across the joints of the human locomotor
apparatus [5, 25, 93, 99, 106-108, 111-113].
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Foot Orthoses Alter Contractile Activity of Lower Extremity Muscles
Research has also shown that foot orthoses significantly affect the contractile activ-
ity of the lower extremity muscles during running and other activities. Foot orthoses
were found to alter the EMG activity of the biceps femoris and anterior tibial mus-
cles during running [139] and to significantly change the EMG activity of the ante-
rior tibial muscle during walking [140]. Research has shown that changes in foot
orthosis design may cause significant changes in EMG activity in many of the mus-
cles of the lower extremity during running [141]. A correlation between perceived
foot comfort with different types of foot orthoses and the EMG activity of the lower
extremity muscles has also been demonstrated [142]. In addition, in a study of 12
adults with an everted rearfoot posture, foot orthoses were found to significantly
decrease the muscular activity of the tibialis anterior, soleus, gastrocnemius, and
peroneus longus during walking [143].

Foot Orthoses Improve Postural Stability

As mentioned earlier, there is experimental evidence that foot orthoses can also
improve the postural stability of individuals. Postural sway was reduced when sub-
jects wearing foot orthoses were subjected to inversion/eversion and medial/lateral
platform movements which indicated that undesirable motion at the foot and ankle
may have been restricted and/or the ability of joint mechanoreceptors to detect
motion perturbations may have been enhanced by orthoses [85]. Subjects balancing
on one foot were likewise shown to have significant decreases in frontal plane CoP
length and velocity with medially posted orthoses which possibly indicated foot
orthoses enhanced their postural control abilities [86]. In another study involving
subjects with excessively pronated feet, foot orthoses produced reductions in
medial-lateral sway during bipedal standing indicating improved balance [87].

Foot Orthoses Reduce Plantar Forces and Pressures

Again, as noted earlier, research on the ability of foot orthoses to reduce the forces
and pressures on injured or painful areas of the plantar foot provides yet another
therapeutic mechanical action of foot orthoses (Fig. 2.7). In a prospective study of
151 subjects with cavus foot deformity, those subjects wearing custom foot orthoses
after 3 months showed significant decreases in foot pain, increases in quality of life,
and showed three times the forefoot plantar pressure reduction when compared to
sham insoles [58]. In 42 subjects with metatarsalgia, foot orthoses were found to not
only decrease the metatarsal head pain but also significantly decrease the force
impulse and peak pressure at the metatarsal heads [59]. Significant reductions in
plantar pressures and loading forces were shown in another study that measured the
effects of foot orthoses on both normal and RA subjects [62]. In 81 patients with
Type II diabetes, maximum peak plantar pressures were reduced by 30% with foot
orthoses [63] and in 34 adolescent Type I diabetic patients both peak pressure and
pressure-time integral was reduced while wearing foot orthoses [64]. In a study of
eight patients with plantar neuropathic ulcerations that had become healed with
custom foot orthoses, it was found that their custom foot orthoses significantly
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Fig. 2.7 Research has shown that foot orthoses may be designed to reduce the plantar pressures
and forces acting on the foot. In the model above, a frontal plane cross section of the metatarsal
heads in a foot with a plantarflexed second metatarsal is illustrated. When the forefoot is close to
contacting with the ground, but still is non-weight-bearing, the plantarflexion deformity of the
second metatarsal is obvious (leff). However, once the forefoot becomes weight-bearing, the
increase in ground reaction force (GRF) that occurs at each of the metatarsal heads will be particu-
larly increased at the second metatarsal head (middle) which may cause injuries to the osseous and/
or soft tissue structures of the second metatarsal or second metatarsophalangeal joint. To treat the
increased compression forces and stresses at the second metatarsal head, a foot orthosis may be
designed to increase the GRF plantar to the first, third, fourth, and fifth metatarsal heads and
decrease the GRF plantar to the second metatarsal head (right). This redistribution of GRF on the
plantar foot, away from high pressure areas toward lower pressure areas, is the most likely mecha-
nism behind the ability of foot orthoses to reduce pathologic pressures away from specific areas of
the plantar foot

reduced peak vertical pressure, reduced the pressure/time integral, and increased the
total contact surface area versus the no-insole condition [61]. In another study using
computer-simulated three-dimensional finite element analysis of a foot exposed to
different orthosis constructions, orthosis shape was found to be more important in
reducing peak plantar pressures than was orthosis stiffness [144].

Conclusion

Foot orthoses have been used for at least 235 years by clinicians as a means to
reduce pain, improve gait mechanics, and heal injury to the foot and lower extrem-
ity. There is considerable research evidence that supports the therapeutic efficacy
and significant mechanical effects of foot orthoses on standing, walking, and run-
ning activities. Theoretical explanations as to how foot orthoses actually produce
their therapeutic and mechanical effects have been previously proposed and are
being continually refined as exciting new research evidence is brought to light and
discussed in academic forums. There is great promise for increased understanding
and further development of foot orthoses as a valuable therapeutic tool in the treat-
ment of mechanically based musculoskeletal injuries for the athletic and nonathletic
population of today and for future generations.
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