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Abstract

Morton’s neuroma (MN) is a common disorder affecting the forefoot. There is dearth
of epidemiological studies on MN and there is a debate over the aetiology of this
condition. This thesis describes a series of four studies investigating the epidemiology
and aetiology of MN. The epidemiology section involves the description of hospital
admissions for MN in Australia. The clinical section describes an investigation of the
effect of foot posture, body mass, ankle equinus, various radiographic parameters,
plantar pressure measurements and geometrical analysis of patients with and without

MN.

The epidemiology study investigated the rate of admissions for MN from 1998 to 2008
in both private and public Australian hospitals. Data regarding admissions with a
diagnosis code of ICD-10 G57.6 were extracted from the Australian Institute of Health
and Welfare databases of hospital morbidity. There were 13,579 hospital admissions in
Australia with a diagnosis of MN from 1998 to 2008. Admissions for this condition
were almost three-fold higher for women compared to men. Among women admitted
for Morton’s metatarsalgia, the highest rate was in the 50- to 54-year-old age group.

For men, the highest rate was in the slightly older 55- to 59-year-old age category.

The first clinical study presented here investigated the aetiology of MN in terms of a
possible association between MN and foot type, as measured by the Foot Posture
Index. The study also examined whether there was a relationship between foot type
and the interspace affected with MN, and whether ankle equinus or body mass index
were implicated. One hundred participants were recruited from The University of
Western Australia’s Podiatry Clinic, 68 of whom were diagnosed with MN and 32
were control participants. No significant differences were found between the controls
and MN group with respect to the mean foot posture index scores of the left and right
foot. Additionally, no significant differences were detected between the affected MN

interspace and foot posture index. There was no significant difference in mean body



mass index between the MN and control groups. There was, however, a significant

difference in mean ankle dorsiflexion between the MN and control groups.

The second clinical study included weightbearing radiographs of 101 subjects, of
whom 69 were diagnosed with MN and 32 were control subjects without MN. A single
assessor measured the following angles: lateral intermetatarsal angle, intermetatarsal
angle, hallux valgus angle, digital divergence between the second and third digits,
digital divergence between the third and fourth digits, relative metatarsal lengths of the
first to fifth metatarsals, and the effect of MN size as measured by ultrasonography on
digital divergence. Intra-tester reliability was assessed for all radiographic
measurements. No significant differences in radiographic measurements were observed
between the MN and control groups. Based on these results and in the absence of an
irregular, lesser metatarsal parabola, it is difficult to justify metatarsal shortening as a
routine surgical treatment for MN. Furthermore, no correlation was found between the
size of MN, estimated using ultrasound images, and radiographic evidence of digital

divergence

Finally, the third clinical study investigated whether there were differences in peak
pressures, contact times, and pressure-time integrals beneath 10 masked areas under
the feet of 61 patients with MIN and 31 control subjects. In the same series, geometrical
analyses derived from plantar pressure measurements such as forefoot width, foot
length, coefficient of spreading, and foot progression angles of patients diagnosed with
MN were compared to control subjects. We also investigated for correlations between
increased forefoot peak pressures and forefoot width in subjects diagnosed with MN.
No significant differences were observed in all plantar pressure and geometrical data
derived from the plantar pressure measurements. Finally, no increase in the coefficient
of spreading or increase in plantar pressures under the metatarsal heads were found,
thus questioning whether the forefoot transverse arch collapses during the propulsion

phase of gait.



In conclusion, ankle equinus was found here to be a significant factor in the
pathogenesis of MN. Future studies should investigate the effect of stretching on

management of MN.
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Chapter 1. Development of the Problem

1.0 Introduction

Morton’s neuroma (MN) is one of the most common problems affecting the forefoot.
The condition mostly affects women and it is more common in the second and third
interspaces (1, 2). Most of the literature indicates that it more commonly occurs in
middle-aged females, however, no evidence was found in the literature regarding the
characteristics of the hospital admissions of this condition and its epidemiology (apart
from work done through this thesis). Most research on the actiology of Morton’s
neuroma has focused on case series investigation of diagnostic, conservative and
surgical management of the condition. Despite being a relatively common condition,
there is no consensus in the podiatric or medical literature as to the aetiology of MN
(3). There are many proposed aetiologies of MN in the literature without adequate
evidence such as case control studies. For instance, hyperpronation of the foot was
mentioned by Morton (4) as the cause of MN without using a reliable method to
measure foot posture of affected individuals compared to asymptomatic subjects.
Furthermore, increase in pressure (5) and short first ray (6) have been implicated as the
cause of MN but there are no studies in the literature measuring the metatarsal parabola
in patients with and without MN. Accordingly, there is a need to investigate the

possible aetiologies of MN, with case-control studies being a suitable approach.

Chapter One briefly describes the various problems and purposes of the individual

studies contained within this body of research.

Chapter Two includes an overall review of the proposed aetiologies of MN, its
diagnosis and management (both conservative and surgical). This is followed by a
description of Foot Posture Index (FPI© Version 6), radiographic techniques to assess
metatarsal parabola, and the EMED™(Novel.de) plantar pressure measurement system

used to quantify pressure in the forefoot.



Chapter Three comprises a description of the epidemiology of hospital admissions for

MN.

Chapter Four was an investigation of the relationship of foot type, body mass index

(BMI), and ankle equinus with MN.

Chapter Five discusses radiographic analysis of MN and the effect of relative

metatarsal lengths on MN formation.

Chapter Six is an investigation of plantar pressure and geometrical parameters of

patients with and without MN.

Chapter Seven summarizes the pertinent findings of each preceding chapter, presenting

conclusions and recommendations for future studies.

Note: Chapters Three to Six constitute research papers that have been published as a

result of this research.

1.1 Statement of the Problem and Purpose of the Studies

1.1.1 Description of hospital admission for Morton’s neuroma (Chapter Three)
Problem

Most of the literature suggests that MN occurs more commonly in middle-aged women
(1, 7, 8). However there are no publications that report hospital admissions of MN in a
large population prior to this work. Little is known regarding the age and sex of

hospital admissions for MN in Australia.
Purpose
The purposes of this study were to:

(1) describe MN admissions by patient sex and age group, using International

Classification of Diseases, 10th Revision (ICD-10) diagnosis codes to



interpret total population data extracted from the Australian Institute of
Health and Welfare (AIHW)
(i) measure the rate of admissions of MN in Australian hospitals

(iii)  observe the ratio of female to male admissions.

1.1.2 The relationship between foot posture index, ankle equinus, body mass

index and inter-metatarsal neuroma (Chapter Four)
Problem

While a pronated foot has been proposed as the main foot type associated with MN (1,
7, 9), the relationship between foot type and MN has not been properly established. In
addition, it is not known if the variability in the occurrence of MN in the second or
third interspace has any relationship to foot type. Similarly, no previous case control
studies have investigated the relationship between ankle equinus or body mass index

(BMI) on MN formation.

Purpose
The purposes of this study were to:

(i) investigate the association between foot type as measured by the Foot
posture index (FPI), ankle equinus and BMI and the presence of MN
(i)  observe if pronated and/or supinated foot predisposes to MN formation in the

affected inter-metatarsal space.

1.1.3 Radiographic analysis of feet with and without Morton’s Neuroma (Chapter

Five)
Problem

There are no radiographic studies comparing the relative length of metatarsals in
patients with and without MN. The increase in length of metatarsals is thought to cause
irritation of the affected nerve (10). Elevation of the first metatarsal can increase

pressure in the forefoot (6, 11), however its effect on MN formation is unknown.



Increase in the size of a MN is thought to increase deviation of the affected toes, a
phenomenon called digital divergence. No study in the literature has investigated the

effect of MN size, as measured by ultrasound, on the divergence of the involved digits.

Purpose

The purposes of this study were to:

(i) assess the relative metatarsal length in patients with and without MN to
observe if relative increases in length of the lesser metatarsals, or shortness
of the first metatarsal, can cause MN

(i) investigate whether patients with MN have elevated first metatarsal
compared to patients with no forefoot pain

(i) investigate if increases in intermetatarsal angle and hallux abductus angle
have an effect on MN formation

(iv)  correlate the increase in size of MN, as measured by ultrasound, to the digital

divergence angle.

1.1.4 Plantar pressure measurements and geometrical analysis of patients with

Morton’s neuroma and controls
Problem

It has been proposed that increased pressure in the forefoot over a prolonged period of
time can damage the digital nerve leading to pain and discomfort. This has been
implicated as an aetiology of MN (12-14). However, there are no reports in the
literature of quantitative measurement of forefoot pressure to assess its possible effect
on MN formation. Geometrical data, such as forefoot width and length, has not been
studied in subjects with MN. It is assumed that the wider the foot the more prone it is
to compressive forces leading to nerve irritation. Splay-foot has been implicated to
predispose to metatarsalgia (15, 16). The relationship between peak pressure in the

forefoot and forefoot width is unknown.



Purpose
The purposes of this study were to:

(1) investigate the peak pressure, pressure time integrals and contact time of
patients with and without MN

(i) investigate geometrical factors such as forefoot width, foot length,
coefficient of spreading, and angle of gait with and without neuroma

(iii)  investigate whether there is any correlation between increased peak pressure

in the forefoot and an increase in coefficient of spreading

1.2 Significance of the Study

MN is one of the most common clinical presentations in podiatric practice. Despite this,
prior to this work there were no epidemiological data on the characteristics of hospital
admissions for MN in the literature. Knowing the most common age category for
hospital admissions will help the practitioner to identify the most likely age category

that is at risk of hospitalisation for MN and will assist in planning services.

There is also no agreement in the literature regarding the aetiology of MN. A better
understanding of its aetiology should help the foot and ankle specialist develop more
appropriate treatments for MN. Currently, the management of MN focuses on the
symptoms rather than the cause of the problem. For instance, one of the first lines of
therapy for the management of MN is the use of corticosteroid injections that aim to
alleviate the symptoms rather than treating the aetiology. In addition, understanding
the aetiology can be very important in preventative care of a condition. For example, if
a patient has ankle equinus and/or a pronated foot as diagnosed by careful physical
examination, then it may be prudent to address these biomechanical faults if they are

shown to be important factors in the development of MN.

The traditional standard of care in surgical management of MN is either to perform
decompression neurolysis and/or excision of the nerve trunk. Again, these are aimed at

alleviating the symptoms rather than the cause of the problem. More recently,



metatarsal osteotomy has been advocated as a surgical treatment to correct an

‘abnormal’ metatarsal parabola (10). The relationship between the metatarsal parabola

and the formation of MN needs to be examined to justify such a surgical approach.

1.3 Hypotheses to be tested

(i)

(i)
(iii)
(iv)
(v)
(vi)
(vii)
(viii)

(ix)

MN admission in Australian hospitals is more common in middle aged
women

MN can occur in any foot type

The location of MN is related to foot type

The formation of MN is related to metatarsal length

MN is related to limited ankle dorsiflexion

MN is related to geometric parameters of the forefoot

Digital divergence is related to neuroma size

Increased BMI is related to the formation of MN

Increased forefoot plantar pressure is related to the formation of MN



Chapter 2. Literature Review

2.0 Introduction

MN is a painful condition in the forefoot . The incidence of MN in the general
population has not previously been determined . The condition affects mostly women
and is more common in the second and third interspaces (5, 17, 18). Despite being a
relatively common condition, there is no consensus in the podiatric or medical
literature as to its aetiology. Accordingly, there is a need to further investigate the
proposed aetiologies of MN. A comprehensive literature review will be presented
which includes the history surrounding the description of MN and why the term itself,
which has been commonly used in the past, is a misnomer. The literature review will
survey the proposed aetiologies, diagnostic testing and surgical procedures for MN. A
review of the conservative and surgical management of MN will also be presented.
Finally, a review of the literature relating to the equipment used to conduct the

experimental studies will be presented.

2.1 Morton’s Neuroma

Civinini, a professor of anatomy in Italy, first described a painful condition in the
forefoot which later became known as “Morton’s neuroma” . He described the lesion
as a fusiform swelling in the common plantar nerve in the affected interspaces . He did
not, however, recommend any treatment. In 1845, Durlacher, the Queen’s
surgeon-chiropodist, described a nerve impingement syndrome in the third web space
of the foot (19). He treated the condition with shoe modifications. In 1876 an
orthopedic surgeon from Philadelphia, T.G. Morton, described a painful condition in
the forefoot which he treated by resecting the head of the fourth metatarsal in order to
alleviate the pain (20). The condition was named after Morton and somewhat

inappropriately termed Morton’s ‘Neuroma’ .

Hoadley in 1893 was the first to describe a surgical procedure for MN which is still

used today and involves surgical exploration and resection of the enlarged nerve (21).
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Hoadley believed the metatarsal heads were impinging the nerve and hence causing
pain and discomfort. The term “Neuroma” in Latin means a benign tumor of the nerve.
The histological studies, however, demonstrated fibrosis of the epineurium and
perineurium that occasionally invades the endoneural space. This was not
representative of true neuroma, but indicated that entrapment and/or compression was
the likely cause of this disease process (22-24). Hence the term ‘“Neuroma”, which
refers to a benign tumor of a nerve, is a misnomer. Other names such as Morton’s
metatarsalgia (5, 25, 26), intermetatarsal neuroma (27-30), interdigital neuralgia (24,
31), and intermetatarsal neuritis have been used commonly in the literature to refer to

this pathological condition.

2.2 Anatomy

The intermetatarsal nerves that pass in the affected interspaces are branches of the
medial and lateral plantar nerves (Figure 2.1) (32, 33). The tibial nerve bifurcates at the
level of the tarsal tunnel into medial and lateral plantar nerves which enter the foot

through an opening over the abductor hallucis muscle belly called the porta pedis .

Plantar M

Figure 2.1 The anatomy of Morton’s neuroma (20)



The medial plantar nerve, the larger branch, continues distally between the flexor
digitorum brevis and abductor hallucis muscles . At the level of the base of the first
metatarsal it gives off its terminal branches to the big toe and the first common digital

plantar nerves which travel into the first interspace .

The lateral plantar nerve also passes over the abductor hallucis muscle to enter the foot
. The lateral plantar nerve crosses the foot laterally and lies between the flexor
digitorum brevis and quadrantus plantae muscle bellies. The nerve then pierces the
lateral intermuscular septum and travels anteriorly to the level of the base of the fifth
metatarsal where it divides into the superficial and deep branches. The deep branch
travels medially between the adductor hallucis and the plantar interossei, giving
branches to the fourth and third interspaces. The third interspace common plantar
nerve may be a combination of the medial and lateral plantar nerve and some authors
have proposed that it is this increase in size that predisposes it to develop a MN in the

3 interspace (33).

The common digital nerves in the inter-metatarsal spaces lie deep to the deep
transverse metatarsal ligament (DTML) along with the arteries, veins and the tendons
of the lumbricalis muscles . As the common digital nerves pass underneath the DTML,
they divide into the proper digital nerves that supply the opposing medial and lateral
aspects of the corresponding toes. On the superior aspect of the DTML lie the
interossei muscles, inter-metatarsal bursa, and branches of the superficial peroneal
nerve. The bursa sometimes extends distally over the digital nerve distal to the DTML

(34),

As the common plantar nerve in each interspace courses distally in the intermetatarsal
space, there are numerous plantar directed branches . These plantar directed branches
“are not present more than 4 cm proximal to the most proximal edge” of the DTML .
Plantar directed branches are potentially a cause of recurrence of neuroma following

surgical excision of the nerve .

Fibres of the DTML are connected on either side the metatarsals to the thickened part

of the plantar capsule called the plantar plates. The plantar fascia is a broad band of the
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ligament originating from the medial tubercle of the calcaneus and dividing into the
superficial and deep slips at the level of the neck of the metatarsals. The deep slips
attach to the medial and lateral aspect of the plantar plates and the DTML of the
metatarsal phalangeal joints forming the longitudinal tie bar of the foot (35). This
becomes important when the author discusses the digital stretch test during which the
plantar fascia tightens as the toes dorsiflex. As the toes dorsiflex, the plantar fascia
pulls the DTML and plantar plate proximally. This may explain increased compression

of the nerves by the DTML.

2.3 Incidence and Epidemiology

MN is common in the female, middle-age population who wear high-heeled shoes,
although it may also occur in the male population (2, 36-42). There is a dearth of
epidemiological data on MN and the only population-based study was by Latinovic et
al. (43). They analyzed data from 253 practices across UK from 1992 to 2000. The rate
per 100,000 population for new presentations of MN diagnosis was 86 for women and
46 for men. For both sexes the highest rate of presentation was in the 55-64 year age
category. The rate of hospital admissions for MN was 30 for females and 11 for males

per 100,000.

It is generally agreed in the literature that the third interspace is the most common site
for occurrence of MN, followed by the second inter-metatarsal space . Dockery found
80% of MN cases originated in the 3" interspace . However, another study conducted
by Keh et al. found the 2™ interspace to be more common in 70 patients treated for
MN. It is generally agreed that the incidence of MN in the fourth and first interspaces

is very rare (20, 44).
2.4 Aetiology

There are numerous aetiologies that have been suggested for MN, including trauma,
ankle equinus, foot type, entrapment theory, bursa theory, anatomical theory, and

metatarsus proximus theory.
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2.4.1 Trauma theory

Although acute trauma such as crush injury, lesser metatarsal fractures, falling and
stepping on an object have been reported as causes of MN (31, 45), repeated trauma to
the forefoot can cause fibrosis around the common plantar nerves . Women wearing
high-heeled shoes are potentially more prone to experience trauma throughout the
stance phase of a gait cycle, which is possibly why MN is more common among

women (5, 46).

Electron microscopic evaluation of MN shows oedema of the endoneurium, fibrosis of
perineurium, axonal degeneration and necrosis, all of which suggest the nerve is
traumatised by the adjacent structures (7). While some authors have stated that
traumatisation occurs as a result of entrapment of the nerve against the DTML (47, 48),
others have advocated involvement of the metatarsal heads (49, 50). This theory has
not been tested in the literature. Betts et al. (51) investigated the relationship between
plantar pressure and the development of MN in 270 feet diagnosed with MN. Plantar
pressure was measured using pedobarography and 78.8% of subjects were found to
have normal plantar pressure. These results indicated that excessive foot loading was
not a factor in the development of MN. However, the Betts et al. study only assessed
plantar pressures of the foot as a whole rather than assessing forefoot pressure, which

is the anatomical site of nerve entrapment.

2.4.2 Ankle equinus

Equinus has been suggested by many researchers to be an important risk factor for the
development of neuroma (13, 52, 53). Equinus is defined as “ankle dorsiflexion less
than 10 degrees with the knee in extended position” (11). It is associated with
prolonged wearing of high heel shoes and has been associated with many foot
pathologies . With lack of motion at the ankle joint, the pathological forces of equinus
are transmitted through the foot (52). The effect of equinus in diabetics has been
studied by a number of researchers, all of whom showed increased plantar pressure in
the foot (54-56). There have been many studies showing an increased incidence of

forefoot ulceration in diabetic patients with ankle equinus deformity as a result of
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increased forefoot pressure (55, 57, 58). Armstrong showed that by performing
percutanous Achilles tendon lengthening, the forefoot pressure could be decreased
leading to healing of ulcerations in the forefoot (55). However, in a study published by
Orendurff et al. in 2006, it was shown that equinus deformity accounted for only a
small portion of the increased pressure in the forefoot (59). They used an Emed
platform to measure the pressure in the forefoot of patients with equinus deformity and
found that only 15% of the increase in forefoot pressure was due to ankle equinus

deformity.

Barrett and Jarvis reported the treatment of a patient who had neuroma and equinus
deformity with a gastroneumius recession . They believed that because of the increased
forefoot pressure resulting from ankle equinus, the nerve becomes more entrapped
between the DTML and the ground. Hence they believed there was a strong correlation
between ankle equinus and neuroma, reasoning that if the abnormal equinus force is
treated, the symptoms in the forefoot will be relieved. To the author’s knowledge, there
are no other studies in the literature that relate the treatment of ankle equinus to MN.
Barett and Jarvis reportedly tried gastroneumius recession on only one patient with

MN. The relationship between equinus and MN will be examined in Chapter Four.

Common modes of compensation for ankle equinus are rear foot pronation,
hypermobile flat foot, early heel-off, an abductory twist during propulsion, genu
recurvatum, lumbar lordosis, and excessive hip flexion (60). Equinus causes
hypermoblity of the 1st ray when the Achilles tendon overpowers the stabilising force
of the peroneus longus on the medial column . This may lead to a more pronated or
pronating foot, which has been suggested as an aetiological factor in MN formation

(61).

2.4.3 Foot type

Although most of the literature states that MN is associated with a pronated foot type
(5, 11, 20, 28, 62-66), a supinated foot type has also been cited (8, 28, 30, 67). Another
cause of trauma in the forefoot is abnormal shearing forces of the metatarsals in the

forefoot area which may impinge the interdigital nerve . Root et al. believed that
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shearing produced by abnormal pronation of the foot caused the painful condition of
MN during the propulsive phase of gait . He proposed that trauma to the subcutaneous
tissue increased the fibrosis around the nerve and speculated that because all
metatarsals are unstable and hypermobile in pronation, this increased the chance of the
nerve becoming impinged. In a pronated foot all the metatarsals evert and move in an
anterolateral direction. This abnormal motion of the metatarsals may produce a
crushing effect on the soft tissue beneath during the propulsive phase of gait (63).
Hoadley also believed that 4™ and 5™ metatarsals had more motion than other
metatarsals . This caused laxity in the transverse metatarsal ligament which allowed
the common digital nerve to be impinged between the 3™ and 4™ metatarsal heads.
However, this mechanism does not explain the occurrence of MN in the 2" interspace,
which is also another common site for this pathology. In a study published by
Kilmartin in 1994 in which the effectiveness of orthosis was studied in patients
diagnosed with MN, no symptom relief was achieved following control of pronation,

thus questioning the validity of pronation as a cause of neuroma (68).

Nilson et al. reported that MN occurred more in a cavus foot type (30). He argued that
because of increased vertical forces on the metatarsal head in a cavus foot, the
common plantar nerve was more susceptible to trauma. In his study he measured the
calcaneal inclination angles and found that the incidence of neuroma decreased in the
presence of a calcaneal inclination angle of less than 10 degrees. He also contended
that because of an increase in the windlass mechanism in a cavus foot, the nerve is
under greater stretching forces. However, because the study measured only one
radiographic angle, it lacked sufficient scientific data to establish a relationship
between the foot type and MN. Pazzalgia et al. reported in a histological study of 12
patients diagnosed with neuroma that two-third had cavus foot type and also proposed

this condition was caused by a “mechanical pathogenic mechanism” .
2.4.4 Entrapment theory

Gauthier in 1979 was the first to treat MN as a nerve compression entity . He believed

that during the last stage of the stance phase the anterior edge of the DTML entraps the
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nerve and traumatises it. As a result, Gauthier proposed the DTML should be released
in preference to resection of the nerve. In 206 patients he treated this way, 83%
showed rapid and stable improvement in symptoms. However, Gauthier did not use a
standardised scale to measure the subjective outcome of the surgical procedure, nor did

he compare the outcome with that of nerve excision.

In 1984, a microscopic evaluation of MN was performed by Graham et al. . They
found the nerve at the level of the distal edge of the deep transverse inter-metatarsal
ligament showed an increase in diameter, increased blood vessels within the fascicles
and increased fibrosis . Because of this finding they suggested the cause of pain was
entrapment of the nerve against the DTML. However these authors did not examine the
most swollen segment of the nerve relative to the DTML. In a cadaver study performed
recently by Kim et al., the entrapment theory was refuted because the enlarged nerve
was located more distally relative to the DTML during simulated mid-stance and heel

off stages of gait .
2.4.5 Bursitis theory

There is often a bursa present over the superior aspect of the DTML (69). Mulder was
the first to mention that MN was connected to the inter-metatarsal bursa (49). A study
by Bossley et al. found the bursa communicates with neurovascular structures distal to
the deep transverse metatarsal ligament in all interspaces except the first and fourth
(69). Inflammation around the bursa is thought to cause fibrosis of the nerve distal to
the DTML (34, 70) and this may explain why MN is more common in the 2" and 3"

interspaces.
2.4.6 Anatomical theory

Betts, Gauthier and Graham all believe that because the third common plantar nerve
has branches from both the medial and lateral plantar nerves, it is larger and hence
more prone to become entrapped and traumatised by the DTML (42). However, in a
study on 50 human cadavers Frank et al. found that presence or absence of the

communicating branch of the lateral plantar nerve made no difference to the size of the
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common plantar nerve (32). In addition, this theory does not explain the occurrence of

MN in the second interspace.

2.4.7 Digital stretch theory

As previously discussed, the plantar fascia inserts on the DTML in the longitudinal tie
bar system (35). When the toes are dorsiflexed the plantar fascia tightens, pulling the
deep transverse metatarsal ligament proximally. Cloke et al. suggested that by
dorsiflexing the toes the nerve is also stretched and proposed a new method to
clinically assess patients with MN . They performed the “digital stretch test” by
dorsiflexing the ankle and dorsiflexing the adjacent toes in the affected interspaces.
They found this test to be 100% sensitive in eliciting pain in 16 patients who were
diagnosed with MN. Cloke et al. suggested this occurred because the nerve is stretched

as a result of the toes being dorsiflexed.

In another study, Alshami et al. studied the effect of stretching the plantar nerves. He
found there was an increase in strain on the medial and lateral plantar nerves when the
ankle was dorsiflexed, foot everted and the toes dorsiflexed . They investigated this
test using patients with plantar fasciitis and tarsal tunnel syndrome, but not patients

with MN.

2.4.8 Metatarsus proximus theory

The term metatarsus proximus implies the heads of the metatarsals are so close to each
other they allow little space between them . Metatarsus proximus can be identified on a
standard weight-bearing dorso-plantar radiograph when two adjacent metatarsal heads
are touching or seem to overlap one another (29). Anatomically, plantar to the deep
transverse metatarsal ligament lie the lumbrical tendons and neurovascular structures.
In its normal physiological state, the lumbrical tendon lies lateral to the common
digital plantar nerves and courses dorsally along the proximal phalanx of the digit to
insert medially on the base of the proximal phalanx. Guerin theorised that in
metatarsus proximus the lumbricalis tendon is shifted more medially and positioned

closer to the nerve. The constant brushing and irritation of the tendon on the nerve
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during midstance and propulsion phase of gait can cause inflammation around the

nerve and may therefore be an aetiological factor in the formation of MN.

In 1993 Grace et al. studied the relationship between metatarsus proximus and digital
divergence in patients diagnosed with MN (29). Digital divergence is another
radiographic parameter that has been seen in patients diagnosed with neuroma . Digital
divergence is measured as the angle formed by the bisection of adjacent proximal
phalanges. It is believed the enlarged nerve applies pressure at the base of the proximal
phalanges, thus diverting them from one another. Grace et al. found that metatarsus
proximus was more common in control, asymptomatic subjects than in those with MN.
They also found a slight increase in the digital divergence angle in their neuroma
group, but this was not statistically significant. However, they also reported a
significant increase in the inter-metatarsal angle (IM) in the neuroma group, which
seems at odds with their findings on metatarsus proximus. They proposed the
inter-metatarsal angle is increased because the enlarged nerve pushes on the deep
transverse metatarsal ligament, which can lead to an increase in the inter-metatarsal
(IM) angle. A further issue with the study by Grace et al. is that the interspaces in

which patients had been diagnosed with MN are not described.

Betts et al. studied inter-metatarsal spacing using ultrasonography, but found no
statistical difference between toes in relaxed or extended position . However, this result
is questionable as their measurements were made on non-weightbearing feet and
because the ultrasound images of bone are not as sharp as those obtained from plain

radiographs.

2.4.9 Ischemic theory

Nissen proposed in 1948 that MN occurred as a result of micro trauma leading to
ischemia of the digital arteries (71). He observed that the plantar digital artery traveled
with the digital nerve to undergo disruption of “the arterial wall, thrombosis, and
incomplete recanalization” (5). Hence he believed that endarteritis of the digital artery

led to ischemic changes within the nerve. However, in 1950 Ringertz and
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Unander-Scharin observed the same phenomena in patients diagnosed with MN as well

as in healthy control subjects (72).
2.4.10 Metatarsal length and sagittal plane theory
2.4.10.1 Short first metatarsal

Morton was the first to state that first ray insufficiency (73), which he described as a
short first metatarsal, results in increased dorsal extension of the first metatarsal which
can lead to MN formation (4, 74). Morton believed that hypermobility of the 1% ray
leads to increased stress on the lesser metatarsals (74), which may in turn initiate the
pathogenesis of MN as predicted by the trauma theory and ultimately lead to changes

in the nerve.

Morton introduced the condition of “metatarsus ataviscus” or congenital short first
metatarsal as a separate clinical condition and he later coined the term “Morton’s foot”
(75). This shortness of the first metatarsal segment can lead to an increase in pronation
in order for the first ray to purchase the ground (73). Brett et al. examined the relative
length of the first metatarsal in 49 patients diagnosed with MN and 46 controls using
Morton’s (6) and Hardy and Clapham’s methods (76). Surprisingly, they found that a
short first metatarsal was more common in the control group than the MN group. To
further confuse the issue of the importance of 1% metatarsal length, there have been
reports of development of MN following shortening osteotomies of the first metatarsal
(77). The research presented in this thesis will examine the relative lengths of all
metatarsals using Maestro’s technique, which is often used during pre-operative

planning of the surgical management of metatarsalgia (78).
2.4.10.2 Longer lesser metatarsals

Increased length of lesser metatarsals can increase forefoot pressure and hence forefoot
pain (10). Park et al. performed shortening osteotomies on longer lesser metatarsals in
patients affected with MN and found better outcomes than performing DTML release.
There are no case control studies in the literature that compare differences in the length

of lesser metatarsals in patients with and without MN.
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2.4.10.3 First ray elevatus

First ray elevatus/ hypermobile first ray/ first ray insufficiency can result in dynamic
imbalance between the first and lesser metatarsal segments (73). The first ray is
imperative to foot function as a provider of shock absorption during gait.
Approximately 60% of normal weight-bearing forces pass through the first ray from
contact phase through propulsion (79). If the first ray cannot support the load, the
medial column fails as a rigid lever with consequent arch collapse and load shift
laterally to the lesser metatarsals. Overload of the lesser metatarsals may ultimately
contribute to the development of lesser metatarsophalangeal synovitis, MN and/or
stress fractures. First ray elevatus as a possible cause of MN has not been extensively

studied.

Horton et al. studied first ray elevatus radiographically in 146 patients with hallux
rigidus, 50 asymptomatic volunteers and 64 patients diagnosed with MN (80). They
measured elevation of the first metatarsal in relation to the second metatarsal by
determining the vertical distance between the two. In addition, they assessed the
declination angle of the first metatarsal relative to the second metatarsal. They found
no statistical differences between the three groups, but no measurement reliability
results were reported by Horton et al. The measurements were performed manually

using a tactograph to the nearest decimal point.

Bryant et al. (81) found an intra-rater reliability of 0.97 using a manual goniographic
measurement technique when assessing first ray elevation of a group of patients with
hallux limitus versus controls. More recently, computer technology can be used to
make radiographic measurements, such as the InteleViewer System® computer

program that can measure relative distances to two decimal places (82).

! http://www.intelerad.com/en/products/inteleviewer/
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2.5 Clinical Presentation and Diagnosis of MN

MN presents with pain in the forefoot area that is sometimes associated with numbness
and a burning sensation in the toes (24). The symptoms are often aggravated by
wearing high heel shoes (2, 63, 83), presumably because high heeled and narrow shoes

increase the pressure under the metatarsal heads thereby causing trauma to the nerve.
2.5.1 Clinical exam/tests

Clinical examination reveals pain in the plantar aspect of the interspace between the
heads of the metatarsals (24, 84). Sharp et al. found pain upon palpation of the
interspace was present in 100% of their case series (n=25) (84). Although not always
present, Mulder’s click is often present in patients with MN (5, 42, 46, 85, 86).
Mulder’s sign is performed by lateral compression of the forefoot, which may produce
a palpable click (87). Mulder’s click has been found to have a sensitivity of 98% in a
case series of 43 subjects diagnosed with MN (88). Gauthier’ test can replicate MN
symptoms by squeezing the forefoot when a medial to lateral pressure is applied (86).
Digital stretch test by Cloke and Greiss (89) is performed by dorsiflexing the lesser
toes on either side of the affected webspace and with the ankle held in dorsiflexion and
both feet on the examiner’s knees. Pain or discomfort in the webspace of the affected
foot indicates a positive result. This test has been reported to have a sensitivity of
100% and predictive value of 95% for diagnosis of MN (n=22). Finally, the injection
of a small volume of local anesthetic may be given to assist with the diagnosis of MN

(90).
2.5.2 Diagnostic imaging

Radiographs may be ordered to rule out other differential diagnosis such as stress
fracture, arthritis, Freiberg’s infarction, and abnormal metatarsal parabola. The
phenomena of digital divergence can be observed on dorsoplantar (DP) radiographs as
a result of enlargement of the bursa/neuroma complex exerting pressure on the base of
proximal phalanges. Ultrasounds are a non-invasive modality frequently used to

diagnose MN (38, 51). The typical sonographic appearance is that of an ovoid shaped
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hypoechoic mass at the level of the metatarsal heads in the inter-metatarsal space (91).
The sensitivity of ultrasound for the diagnosis of neuroma has been reported to range
from 94% to 100% (91). Magnetic resonance imaging (MRI) is also highly sensitive
for the detection of neuroma, but is expensive and not routinely ordered for this
purpose in Australia. In one study, ultrasound was superior for the detection of MN
compared to MRI, specially if the neuroma was less than 5 mm in size (85). A recently
published meta-analysis showed that the sensitivity of ultrasound is equal to that of
MRI for the identification of MN (92). Sharp et al. (84) and Pastides et al. (88)
recommend that the diagnosis of MN should be clinically-based and that ultrasound
and MRI should only be used where necessary to rule out other causes of pain in the
forefoot such as plantar plate pathology, tenosynovitis/capsulitis, space occupying
lesions, and presence of MN in adjacent interspaces. Furthermore, because there is a
possibility of asymptomatic MN being reported in an interspace, as detected by
ultrasound and MRI (93, 94), this may result in a false-positive clinical diagnosis of
MN. In the research for this thesis, clinical examination with confirmatory ultrasound

was employed to make the diagnosis of MN.

2.6 Treatment

Once diagnosis of MN is made, it is recommended that non-operative treatment should
be attempted in the first instance (3, 5, 46). After failure of that approach, surgery may
be advised (20, 86).

2.6.1 Conservative therapy

The conservative treatment of MN is varied and includes shoe modifications or
footwear advice, metatarsal pads, foot orthoses, cortisone injections, alcohol injections
and radio frequency ablation (95, 96). Patients are initially advised to wear wider toe
box shoes and to avoid high heel shoes. Pads applied proximal to metatarsal heads can
help by spreading the metatarsal heads and decreasing pressure on the nerve (20, 46).
Modifications to footwear have been shown to improve symptoms in up to 41% (20) of

patients but give lower satisfaction rates when compared with steroid injections (97).
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Mann and Reynolds reported that 70-80% of patients did not respond well to shoe
modifications and opted for surgery (45). Kilmartin and Wallace found pronation and

supination orthoses to be ineffective in relieving pain (68).

Corticosteroid injections have been used to treat MN by reducing local inflammation
around the lesion (98). They can be performed with or without ultrasound guidance.
The real-time capabilities of an ultrasound scan allow continuous observation of needle

placement into the targeted area while avoiding other soft tissue structures.

Rasmussen et al. reported that only 11% of 51 patients experienced lasting pain relief
from cortisone injections after 4 years of follow up (46). Makki et al. studied the effect
of single, ultrasound-guided cortisone injection for the treatment of MN (n=43) and
found better outcomes for MN of less than 5mm in size (98). In their systematic
review, Morgan et al. recommended that all injections for MN be done using
ultrasound guidance in order to increase the efficacy of a single injection and decrease
the need for additional injections (99). Mahadevan et al. in a double-blinded
randomized control trial compared cortisone injection of MN with and without
ultrasound (100). They found no significant difference between the outcomes of both
groups and recommended that a clinician with knowledge of anatomy of the forefoot
can safely perform the injection with good results and without relying on ultrasound

guidance.

Dockery et al. reported 89% success using 4% alcohol sclerosing agents (28). He
performed the injections in a series of 3-7 injections during a 5 to 10 day interval.
Fanucci et al. used 30% alcohol and at 10 months follow reported a 20-30% reduction
in mass of the MN (101). Ultrasound-guided alcohol ablation for the treatment of MN
has been reported by some investigators as a safe procedure that significantly reduces
pain in the short term (101-103). However, long term this does not offer permanent
resolution of symptoms for most patients and can be associated with considerable

morbidity (104).

Radio frequency ablation has recently been recommended by some authors, however,

the efficacy of this treatment needs to be researched further (105). This treatment
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involves insertion of a needle probe into the neuroma and generation of a high
frequency, alternating current that causes heat necrosis of the nerve tissue. Chuter et al.
reported a success rate of 85% in 25 patients with MN treated with ultrasound-guided
radio frequency ablation (106). Other treatments such as phenol (20), Botulinum toxin A
(107) and capsaicin (108) have been researched but are not part of the standard of care

for the management of MN.

2.6.2 Surgical treatment

The surgical treatment of Morton’s neuroma involves excision of the nerve
(neurectomy) (34, 41), nerve decompression (109) via open or endoscopic release of
the deep transverse metatarsal ligament (2, 34, 109, 110), and more recently,
metatarsal osteotomies (10, 18, 111, 112). According to Hassouna et al. in a survey of
foot surgeons, 68% perform neurectomy and 32% perform neurolysis with
decompression of the nerve, while 8% perform neurolysis with release of the deep

transverse metatarsal ligament only (113).

2.6.2.1 Neurectomy

Neurectomy is the most commonly described surgical procedure for MN (18, 20, 44)

and can be performed via dorsal or plantar incision.

The traditional surgical approach is to resect the nerve proximal to the metatarsal heads
. The success rate for neurectomy after follow up periods from 24-67 months has been
reported to range from 70-93% (40). The main complication reported following this
procedure is post-operative numbness and the potential for a painful recurrence in the
form of a stump-neuroma (5, 46, 114, 115). The dorsal approach is thought by some to
be technically easier than the plantar approach, but the nerve must be adequately
resected at least 3 cm proximal to the inter-metatarsal ligament (20). The main
advantages of the dorsal approach are prevention of painful scar formation or keratosis
on the plantar surface of the foot, and the ability to bear weight immediately after
surgery (64, 116). The main problem with dorsal incision is inadequate proximal

resection of the nerve since this is physically more difficult because the nerve is plantar
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to the DTML (64). Coughlin and Pinsonneault performed dorsal longitudinal incisions
on 71 feet and reported good to excellent results in 85% of patients after an average
of 5.8 years of follow up (116). Nery et al. reported a good result in 89% of 180 MN
patients who underwent plantar transverse incisions after an average follow up of

seven years (117).

Kasparek et al. in a 2013 study of 111 neuromas reported excellent results in 44
patients, good results in 31, fair results in 15 and poor results in 8 following dorsal
excision (93). They also showed that patients with more than one involved interspace
had poorer outcomes, which in their study included such 11 cases. Many surgeons
reserve the plantar approach for when a stump neuroma forms and requires excision
(5). However, two recent studies that compared outcomes from the plantar and dorsal

approachs reported no significant difference between the two methods (118, 119).

2.6.2.2 Neurolysis

The other surgical approach is to perform neurolysis, or ‘decompression’, of the
affected nerve. Gauthier was the first surgeon to advocate release of the deep
transverse metatarsal ligament to relieve symptoms associated with neuroma (47). He
reported an 83% success rate in 304 patients treated with release of the transverse
inter-metatarsal ligament without neurectomy. Release can be achieved via an open or
endoscopic approach to sever the deep transverse metatarsal ligament. Okafor et al. in
1997 performed neurolysis by releasing the DTML and found that 17 of 35 patients
enjoyed complete relief and 12 of 35 experienced minimal discomfort with activity
after a mean follow up of 21 months (120). Villas et al. performed neurectomy or
neurolysis on a group of 50 patients (69 feet) based on the criteria that neurectomy was
performed in cases showing macroscopic thickening of the nerve (121). If no
thickening of the nerve was observed, then the DTML was released together with any
potential constrictive structures around the nerve (121). These authors reported good
outcomes based on their selection criteria in both groups except for one patient.
Consequently, they concluded that neurolysis responds well when obvious nerve

thickening has not developed.
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2.6.2.3 Lesser metatarsal osteotomies

In a retrospective study, Park et al. followed 86 consecutive patients of which 46 were
treated with DTML release and the next 40 treated with DTML release and shortening
osteotomy of the third metatarsal via a Weil osteotomy. Using The American
Orthopedic Foot and Ankle Score (AOFAS) they concluded that metatarsal shortening
osteotomy with DTML release resulted in better outcome compared to DTML release
alone. They implemented this treatment based also on a cadaveric study by Kim et al.
(50) showing that bifurcation of the nerve was distal to the DTML, hence questioning
entrapment of the nerve by the DTML. Park el al. and Kim et al. popularized the
theory that the main lesion of MN was located between the metatarsal head and the
adjacent metatarsophalangeal (MTP) joint (see Figure 2.2) and hence shortening of the

lesser metatarsal results in decompression of the nerve (10, 50).

Figure 2.2 Morton’s neuroma after release of the deep transverse metatarsal

ligament (DTML; dotted lines) (10)

The neuroma was located between the metatarsal head and the metatarsophalangeal
joint and distal to the DTML (10).
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Bauer et al. in 2015 also supported the hyper-pressure/trauma theory and stated that
neurectomy, the current standard of care for management of MN, is not in keeping
with this theory (18). He reported that 30% of his post-neurectomy patients were
required to wear orthoses “because of persistent lateral metatarsalgia” (18). He
advocated minimal incision surgery to perform metatarsal osteotomy with DTML
release in order to manage patients with MN. He performed a retrospective study
involving 52 patients, 25 of whom underwent traditional neurectomy and 25 underwent
DTML release and metatarsal osteotomy using a percutaneous technique. The mean
follow up period was four years. Using the AOFAS scoring system, he concluded his
percutaneous technique provided “significantly better outcomes in the longer term and

a lower rate of late metatarsalgia” than standard neurectomy (18).

Catani et al. in 2015 (112) also published results on percutaneous osteotomies for the
treatment of MN using a similar technique to that of Bauer et al. He performed the
procedure on 31 patients and claimed significant reduction in size of the MN as
measured by ultrasound 6 months post-surgery. Of interest, 70% of the osteotomies
were performed on the third metatarsal and Catani et al. claimed the success of the
technique was achieved by “maintaining the transverse arch of the metatarsals” (18).
Prior to this thesis work, no studies in the literature had reported on the relative length

of lesser metatarsals in MN patients.

2.7 Methodology

This section comprises a literature review of the tools used for the measurements
described in the following chapters. The three tools used are Foot Posture Index (FPI),

Maestro technigue and the EMED plantar measurement device.
2.7.1 Foot Posture Index®© (FPI)

Foot posture index (FPI) was copyrighted to Anthony Redmond in August 2005 (122)
and is a commonly used approach to quantify foot posture (123). FPI initially had 8
criteria (123) and was modified to 6 criteria for better reliability . The FPI categorises

the degree of supination and pronation of the foot and is very easy to use. The six
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criteria include talar head palpation, supra and infra lateral malleolar curvature,
prominence of talo navicular joint, congruence of the medial longitudinal arch,
abduction/adduction of the forefoot, and inversion/eversion of the calcaneus (Figure
2.3) (122). Each criterion is scored on a 5-point scale (-2 to +2), with positive numbers
representing pronated foot posture and negative numbers supinated foot posture. This
system has undergone numerous validation processes and has been extensively used in

the literature to evaluate foot type (124-126).

2.7.1.1 Reliability and validity testing of FPI

The FPI-6 measurement tool has also been subjected to validity testing using Rasch
analysis (127). This showed it had “good psychometric properties, good individual
item fit, and good overall fit of the six criteria to the obtained model” (128). Cornwall
et al. reported intra-rater reliability of the FPI as good, with an intra-correlation
coefficient (ICC) of >0.90 (128) and considered to be a perfect result (129). The
inter-rater reliability was only moderate however, with the highest ICC reported at
0.655 (128). Cain et al. in a study on the foot morphology of indoor football players
found intra and inter-rater reliability with ICCs of 0.90 and 0.69, respectively (130).
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Foot Posture Index Datasheet

FACTOR PLANE | SCORE 1 SCORE 2 SCORE 3
Date Date Date
Comment Comment Comment
Left Right Left Right Left Right
(-2t0+2) | (-2to+2) | (-2to+2) | (-2to+2) | (2to+2) | (-2t0+2)
Talar head palpation Transverse
S | Curves above and below | Frontal/
% | lateral maileoii transverse
& Inversion/eversion of the | Frontal
calcaneus
Bulge in the region of Transverse
the TN
§ Congruence of the Sagittal
“%‘a medial longitudinal arch
= | Abd/adduction of Transverse
forefoot on rearfoot
(too-many-toes)
Total
Reference values © Anthony Redmond 1998
Normal =0to+5 (May be copied for dinical use, and adapted
Pronated = +6 to +9, Highly pronated 10+ with the permission of the copyright holder.)
Supinated =-1 to -4, Highly supinated -5 to -12 www.leeds.acuk/medicne/FASTER/FP1.htm

Reprinted with permission of Anthony Redmond.

Figure 2.3 Six-item Foot Posture Index (122)

2.7.1.2 The relationship of FPI with dynamic motion

It is important to observe the relationship of static measurement such as FPI with

dynamic measurements. Chuter studied and recruited 40 participants, half with normal

feet and the other half with pronated feet as measured by FPI (131). Three dimensional

rear foot motion was collected and correlated with FPIl. The results of his study

revealed that FPI had strong predictive ability for dynamic rear foot function. In

another study involving 26 participants with patellofemoral pain syndrome and 20

controls, Barton et al. measured FPI and kinematic parameters of the forefoot and

rearfoot using the three-dimensional motion analysis system (132). They concluded

that a more pronated foot, as measured by FPI, was moderately associated with

dynamic transverse plane abduction and rearfoot frontal plane eversion.
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2.8 Radiographic Measurements

Radiographic measurements are especially important from a surgical point of view,
since many techniques rely on radiographic measurements for peri-operative planning.
However, there is no gold standard radiographic method for measuring metatarsal
length. Of the several ways to measure metatarsal length radiographically, Morton’s
transverse lines and Hardy and Clapham’s methods are the most commonly used
diagnostic instruments (133). Other proposed measurement techniques include that of
Maestro [161], which is the easiest to apply to all five metatarsals, along with a new

but not yet validated method by Barroco et al. .
2.8.1 Maestro’s method

This method was first described in 2003 with the aim of developing a pre-operative
measurement and classification technique for the forefoot (Figure 2.4) . Maestro’s
original study was conducted using radiographs of 154 feet (134). Although the
method of determining inter and intra-rater reliability was not clearly described, both
were deemed to be “excellent” by the authors. However, questions regarding the
reliability of this method have been raised. Deleu et al. conducted a radiographic study
on 73 subjects (36 females and 37 males; mean age 30.4 + 9.9 years) where two
observers carried out the measurements on each foot of each patient and subsequently
classified them according to Maestro’s method (134). The reliability of classification
between the two observers was then evaluated. A concordance of 92.6% for
classification of the radiographic forefoot morphotypes was found between the two

observers, thus Maestro’s method was deemed precise and reproducible.

In contrast, a study by Chauhan et al. compared Maestro’s method to those of Hardy,
Clapham and Coughlin (133). Three months after recording the primary measurements,
each observer repeated the measurements on a sample of 23 patients to assess
intra-rater reliability. A further 23 patients were assessed in combination with previous

data to evaluate inter-rater reliability. Both intra- and inter-rater errors were smallest
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for the Coughlin method, largest for the Hardy and Clapham method and intermediate

for Maestro .

Figure 2.4 Maestro’s technique for measuring relative metatarsal lengths

Line 1 extends from the midpoint of the Chopart’s joint to the distal apex of the
second metatarsal head. Line 2 is perpendicular to Line 1 and bisects the fibular
sesamoid and extends across the metatarsal heads. Lines 3-7 are perpendicular to
Line 2, extending from the distal point of each metatarsal head.

2.9 Emed- x® Plantar Pressure Measurement Device

Plantar pressure measurement allows the assessment of high-pressure areas that many
authors believe is a primary risk factor for plantar ulcers in diabetes and related
pathologies (56, 135, 136). The Emed-x® force platform, a capacitance based system
in which individual sensors are organised in a regular matrix, is an increasingly

popular measurement device (137-139).
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The Emed-x® system (software version 13.3.35) at the University of Western
Australia Podiatry Clinic was used to measure the plantar pressure of 10 regions
(masks) in individuals with MN and in control subjects. The system consists of a
platform with dimensions of 700mm x 403mm x 15.5mm, with a calibrated capacitive
sensor area of 475mm x 320mm composed of 6,090 individual sensors and with a
resolution of 4 sensors/cm?. The frequency of the system varies from 400-1000 Hz (61).
The Emed system was used in the current study to compare peak plantar pressure

measurements with various geometrical parameters in MN and control subjects.
2.9.1 Reliability of the Emed-x® system and plantar pressure measurements

Hafer et al. studied intra-mat, intra-manufacturer and inter-manufacturer consistency
of plantar pressure parameters in addition to the number of trials needed to achieve
stable results for two Emed-x® and two Tekscan MatScan devices in a single visit (137).
All intra- and inter-platform reliabilities for Emed-x® were greater than 0.70. All
parameters such as peak pressure, pressure time integrals and contact time for 10 regions
of the foot reached a “value within 90% of the unbiased estimate of the mean within five
trials” (137). Previous studies on older models of the Emed®-AT and Emed®-ST4
systems had also reported satisfactory reliabilities (140, 141).

2.9.2 Reliability of Emed-x® and geometric measurements

The use of geometric measurements during gait derived from an Emed-x® platform
may provide clinicians and researchers with valuable information about the geometry
and alignment of the foot. The geometrical parameters measured for this research were
forefoot width, foot length, arch index, coefficient of spreading and foot progression

angle (see Table 2.1 and Figure 2.5).
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-
Figure 2.5 EMED generated geometric measurements during gait

AA’ and BB’ drawn from the medial and lateral aspects of the foot, respectively; OO’
is formed by the bisection of AB and A’B’; P: point of contact of the tangent from A
towards the heel; L: most lateral displacement of the medial midfoot border; N: point
of contact of the tangent from L towards the forefoot; R: point of contact of the
tangent from L towards the heel; C: point of contact of the tangent from A’ to the
hallux. All measurements are made from maximum pressure picture (142)

Table 2.1 Geometric measurement definitions (142)

Measurement Definition

Foot length (FL) Defined by placing a rectangle around the maximum pressure picture
whose long side is parallel to the bisection of the long plantar angle.
The length of the rectangle defines the foot length.

Forefoot width (FW) Distance between the widest points of the ball of the foot (1st and 5th
metatarsophalangeal joints).

Foot progression angle (FPA) The angle between the axis (OO’ ) and the vertical line parallel to the
platform Y-axis. The vertical represents the direction of travel during
data collection.

Arch index (Al) The index is defined by the midfoot area divided by the total foot area

(foot area minus toes area).

Coefficient of spreading (COS)  The forefoot width divided by the foot length.
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Akins et al. in 2012 performed test-retest reliability of geometric measurements
obtained during gait at a self-selected speed using a two-step approach (142). Data
were collected on both feet for 10 healthy participants using the Emed®-X platform.
Fifteen geometric measurements were demonstrated to be reliable with intra-class
correlation coefficients (ICC) greater than 0.8, with 12 measurements ICC > 0.90.
Specifically, excellent ICC’s were reported for foot length (FL, 0.99), forefoot width
(FW, 0.98), coefficient of spreading (COS, 0.92), arch index (Al, 0.97) and foot
progression angle (FPA, 0.99).

2.9.3 Emed-x® platform automasking

A common method of investigating plantar pressures is to “mask” the foot into
anatomical regions of interest to provide more clinically relevant information than
observation of the foot as a whole (143, 144). The Novel® Multi mask software (Novel
GmbH Munich, Germany) provides the ability to “automask” the foot into the chosen
number of regions. Specific plantar pressure variables may be computed for each
individual mask or region. Such automasks have been applied to analyse the plantar
pressures pre- and post-surgical reconstruction (145, 146), for normal walking

parameters (139, 147) and for various foot deformities (56, 59).

Ellis et al. in 2010 studied the accuracy of the Emed-x® platform using the Novel®
ten-region standard automask system (138). They reported the average accuracies of
the automasking algorithm regions for dynamic measurements were 98.8% for the first
metatarsal, 89.9% for the second, 98.6% for the third, 96.8% for the fourth and 93.1%
for the fifth.

2.9.4 Factors influencing plantar pressure distribution

Demographic characteristics such as body-weight, age and gender have been
investigated for their effect on plantar pressure measurements. Hills et al. in 2001
studied the effect of obesity on plantar pressure measurements (148). “Obese” was
defined as a BMI of greater than 30. The study was conducted on 35 males (age

42.4+10.8 yrs; 67-179 kg) and 35 females (age 40.0+12.6 yrs; 46-150 kg) using
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Emed-x®. Obese subjects showed increased forefoot width during standing and
walking and higher plantar pressures of the metatarsal heads and longitudinal arch
areas. Murphy et al. reported that an average male has a greater normalised contact
area and higher plantar pressure values compared to females, however this difference
was not significant (149). Hills et al. also reported that obese female subjects had
higher forefoot and mid-foot pressures during standing, possibly due to ligamentous
laxity, however this difference was not observed dynamically (148). Using an Emed
platform, Kernozek and LaMott compared plantar pressure measurements of 35 elderly
subjects (71-95 years) with 35 younger subjects (18-24 years) (150). They found an
increased medial loading but no difference in central forefoot pressures with age. In
older subjects (>70 yrs) it has also been reported that foot pressure distribution
decreases in magnitude under the heel, lateral forefoot and hallux, but there is longer

contact under the heel, midfoot and metatarsal phalangeal joints (151).

Taylor et al. studied the effect of walking speed (slow, normal and fast) in 20 healthy
participants (10 males, 10 females) aged 20-37 years (mean 27.5 yrs, S.D. 5.2 yrs)
with an Emed-SF system and using the two-step gait initiation protocol (152). They
found no significant differences between self-selected slow and normal speeds for
maximum force and peak pressure values. With increased walking speeds, contact time

increased at all regions under the foot.

The plantar pressure measurements can be affected by foot type and foot deformities.
Using an Emed-SF® system, Burns et al. studied 30 subjects with idiopathic cavus foot,
10 with neurogenic cavus foot and 30 normal subjects (153). The pressure time
integrals in the rear foot and forefoot in both cavus foot groups were higher than in the
normal group. Other studies have shown that subjects with hallux valgus, toe
deformities, diabetes with neuropathy, leprosy and rheumatoid arthritis can display
altered plantar pressures in the forefoot (56, 136, 154-156). Accordingly, subjects with
other forefoot complaints such as bunions, hammertoes, plantar plate pathology,

systematic arthritis and diabetes have not been included in the current research project.
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2.9.5 Method of data collection

A midgait method is usually used for the collection of pressure data (144). The
dimensions of pressure distribution platforms are typically small and the plates are
difficult to target with the foot during the midgait method of data acquisition (139, 144,
157). Patients with foot pathology may have difficulty managing a midgait technique.
Because of the practical difficulties involved with the mid-gait measurement
technique, a number of researchers have investigated the reliability of measurement

taking less steps in the data acquisition process.

Bryant et al. studied the reliability of plantar pressure measurements acquired using the
traditional midgait method compared to the two-step method (139). They used the
Emed-SF® system and investigated the parameters of contact area, contact time,
maximum force and peak pressure at 7 sites of the foot for reliability of measurement
in 10 normal subjects. They concluded the two-step method is as reliable as the
midgait method and may be ideal for use in both research and clinical practice. Other

investigators have also supported the two-step gait technique (157, 158).
2.9.6 Normal plantar pressure measurements

In a previous study by Bryant et al. (147) with respect to peak pressure (PP) distribution
on 10 masked areas, the maximum mean values were found under the heel, the second
and third metatarsal heads, and the hallux. The least variation of plantar pressure (mean
and peak pressures) was found under the heel, second and third metatarsals. The greatest
variations were found under the toes and midfoot. This may be due to variability in arch

heights, as other studies have confirmed this variation (159).

Kanatli et al. studied plantar pressure distribution under the forefoot of 106 healthy
subjects using an Emed-SF® system (160). They masked the foot into medial column
(first metatarsal), middle column (second and third metatarsals) and lateral column
(fourth and fifth metatarsals). They found that during midstance and the push-off phase
of gait, the mean and peak pressures were highest under the second and third

metatarsals. Their study questioned the existence of the transverse metatarsal arch
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during gait. The absence of the transverse metatarsal arch was supported in their
previous study where they showed the transverse arch collapses during the push-off
phase (161). This questions the tripod theory proposed by Kapandji et al. which states
that the longitudinal and transverse arches of the foot result in weight-bearing like a
tripod between heel, first and fifth metatarsals (162). Other investigators have
questioned the presence of the transverse arch using ultrasonography on 100 healthy
subjects and measuring their plantar pressures of the forefoot using an Emed-SF®
system (163). Using ultrasound measurements in the weight bearing position, they
found the second to fourth metatarsal heads to be in a more plantar position and the
maximum plantar pressure measured by an Emed-SF® system to be present in the third

metatarsal head region.

With respect to pressure time integrals (PTI), Bryant et al. reported the highest
measurements were under the second and third metatarsal heads and the hallux, and the

greatest variation was noted under the fifth metatarsal head and toes (147).
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Chapter 3. Description of Hospital Admissions of Morton’s

Metatarsalgia in Australia

Adapted from: Naraghi R, Bryant A, Slack-Smith L (2014) Description of total
population hospital admissions for Morton's metatarsalgia in Australia. J Am Podiatr

Med Assoc. 104;451-4

3.0 Rationale of the Study

MN (also known as Morton's metatarsalgia, interdigital neuritis, and neuralgia) is a
painful condition in the plantar aspect of the forefoot attributed to thickening and
fibrosis of the common digital nerve at the level of the bifurcation into common digital
branches (19, 63). Footwear seems to play a role in the formation of Morton's
metatarsalgia in susceptible individuals (44, 164), and the condition is said to affect
mostly women who wear high-heeled shoes (44, 164). The literature indicates that it is

more common in women, but men are also affected by this malady (3, 19, 63).

There is a dearth of epidemiological data regarding hospital admissions for Morton's
metatarsalgia internationally. The purpose of this chapter is to describe the
epidemiology of hospital admissions for MN in Australia, including the description of
admissions by patient sex and age group, using International Classification of Diseases,

10th Revision (ICD-10) diagnosis codes.

3.1 Methods

We extracted data on MN admission to public and private hospitals across all
Australian states and territories from the Australian Institute of Health and Welfare
online database from 1998 to 2008 (165). Individual-level data were not available. The
data have been recorded based on standardized International Statistical Classification
of Diseases and Related Health Problems, 10™ Revision, Australian Modification
(ICD-10) (166). The ICD-10 code of G57.6 corresponds to Morton's metatarsalgia or

MN. The factors extracted from the online data were total number of admissions, age,
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sex, and age groups of patients admitted with an ICD-10 code of G57.6. The
male-to-female ratio and percentage of admissions within each age group were

determined.

The ICD-10 code G57.6 was used to allow the investigators to look at admissions for
this disorder using the Australian Institute of Health and Welfare (AIHW) data (165).
The AIHW is an Australian Government organisation that provides information and

statistics on Australian health and welfare matters.

Estimated resident population counts of all sociodemographic stratifications for 1998
to 2008 were available from the Australian Bureau of Statistics (167). Rates were
generated by dividing the number of hospital admissions of MN by the estimated
resident population of the same specified group and multiplying by 100,000 to
determine the number of hospital admissions per 100,000 people per year. The rates
for 3 years (1998, 2001, and 2004) were calculated to observe the variation over time.
The standard error formula for rates was used to derive standard errors and consequent
95% confidence intervals. Findings were considered significant at the P < 0.05 level
(168). We used publicly available raw data and received approval for this project from

the Human Research Ethics Committee of the University of Western Australia.

3.2 Results

There were 13,579 hospital admissions with a diagnosis of MN from 1998 to 2008
(Table 3.1); 3,266 patients were male and 10,313 were female. The average
female-to-male ratio was 3.2 to 1.0. The highest rates of admission for MN among
women were in the 50- to 54-year-old age group; for men, the highest admission rates
were in the 55- to 59-year-old age group (Figure 3.1). The highest rate for women was
in 2001 at 10.92 and for men in 1998 at 4.01 per 100,000 populations per year (Table
3.2). Over the period reviewed, the highest overall rate for the total population study
from 1998 to 2008 occurred in 1998 at 7.43 per 100,000 population. The rates for
every age group for the years 1998, 2001, and 2004 were determined (Table 3.1). The
highest rate in 1998 was in the 55- to 59-year-old age category at 22.10 per 100,000; in
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2001, the highest rate was in the 60- to 64-year-old category at 23.60 per 100,000; and
in 2004, the highest rate was in the 55- to 59-year-old age category at 21.54 per
100,000. The rates for each of these 3 years varied slightly; however, the

female-to-male ratio remained constant at approximately 3 to 1.

Table 3.1  Total number of admissions, percentage of admissions and the rates

per year per 100,000 population for the years 1998, 2001 and 2004

Age Total Admissions  Total % Rate Rate Rate Mean 95% ClI
Group (1998-2008) Admissions 1998 2001 2004 Rate

1-19 62 0.45 1.41 0.00 0.22 0.54 0.00-2.03
20-24 157 1.16 2.34 1.46 0.57 1.46 0.00-3.19
25-29 345 2.54 3.69 2.84 1.99 2.84 1.17-4.50
30-34 603 4.44 4.39 6.34 341 4.71 1.79-7.64
35-39 1,031 7.59 7.81 8.11 6.01 7.31 5.08-9.53
40-44 1,204 8.87 9.02 8.31 6.35 7.89 5.18-10.61
45-49 1,660 12.22 12.68 13.32 11.97 12.66 11.33-13.99
50-54 2,267 16.69 20.01 18.53 14.90 17.81 12.67-22.96
55-59 2,258 16.63 22.10 19.53 21.54 21.05 18.41-23.70
6064 1,743 12.84 19.48 23.60 19.70 20.93 16.38-25.47
65-69 1,075 7.92 17.68 12.75 17.18 15.87 10.55-21.19
70-74 672 4.95 12.75 9.24 9.90 10.63 6.97-14.29
75-79 338 2.49 6.60 8.86 6.98 7.48 5.11-9.85
80-84 140 1.03 4.10 4.85 4.44 4.46 3.73-5.20
85+ 24 0.18 0.44 0.75 1.38 0.86 0.09-1.63
Male 3,266 24.05

Female 10,313 75.95

Total 13,579 100
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Figure 3.1 Age group in years (male and female) and total number of

admissions

Table 3.2 Rates for 1998-2008 Male and Female (admissions per 100,000 per

¥yr)

Years® 1998— 1999- 2000- 2001- 2002— 2003— 2004 2005- 2006— 2007—
1999 2000 2001 2002 2003 2004 2005 2006 2007 2008

Rates, 4.01 3.32 3.40 3.63 337 3.01 293 2.84 3.46 3.24

male

Rates, 10.81 10.06 10.46 10.92 9.90 9.64 10.65 10.13 10.38 10.47

female

Total 7.43 6.71 6.89 7.30 6.66 6.36 6.82 6.51 6.94 6.88

* Australian financial year 1 July to 30 June.
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3.3 Discussion

Although a number of studies have investigated the outcome of surgery on patients
with MN, previous studies have not used population data. Bradley et al. (169) found
that of 85 individuals who underwent surgery for MN, 71 were females and 14 were
males (ratio of 5 to 1). In a 1979 study, Gauthier (47) sectioned the deep transverse
intermetatarsal ligament of 206 individuals, with a female to male ratio of
approximately 10 to 1 (187 females and 19 males). Other ratios of females to males
who underwent surgery for Morton's metatarsalgia have been reported in the literature
(47, 64, 169), however no study to date has reviewed large sample sizes that reflect the

entire general population of a particular country.

In 2006, Latinovic et al. (43) studied data on the incidence of common compressive
neuropathies from 253 general medical practices across the United Kingdom. Morton's
metatarsalgia was found to be more common in women and in both men and women
between the ages of 55 to 64 years, thus similar to the current findings; the
male-to-female ratio was 1.8 to 1.0. They also studied the rate of operative treatment
and found a female-to-male ratio of 2.3 to 1.0, which is also similar to the present
results. However, their study was based on general practitioner medical practices
spread across the United Kingdom and hence this does not necessarily resemble the
total population. In an earlier study using MBS item numbers, 11,037 neurectomies
were performed in Australia from 1997 to 2006 (170). These were most frequent in the

55 to 64 age group, which is also similar to the present findings.

This research has analysed total population data in Australia for Morton's metatarsalgia
using the Australian Institute of Health and Welfare databases of hospital morbidity
from 1998 to 2008. Such data are useful for morbidity and cost estimates. Although
somewhat complex to access and manage, these data are publically available and can
be used to follow trends for this disorder. The study reflects the rate of hospital
admissions (both public and private ) for the surgical management of MN by podiatric

and orthopedic surgeons. However, it did not capture patients diagnosed with MN in
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private or public clinics and hence does not reflect the true population incidence and is

likely to underestimate total morbidity.

The results show that the rate of hospital admission for Morton's metatarsalgia is three
times higher in women than men and that the highest admission rate occurs in 50-55 yr

olds at 10.9 cases per 100,000 population.
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Chapter 4. The Relationship between Foot Posture Index,
Ankle Equinus, Body Mass Index and Morton’s Neuroma:

A Case-Control Study

Adapted from: Naraghi R, Bremner A, Slack-Smith L, & Bryant A (2016) The
relationship between foot posture index, ankle equinus, body mass index and

intermetatarsal neuroma. Journal of Foot and Ankle Research 9:46

4.0 Rationale of the Study

Numerous aetiologies have been postulated in the literature for MN, including
pronation (1, 7, 63), metatarsus proximus [15,16], trauma (5), ankle equinus (13, 14,
59, 171, 172), bursitis (5, 69, 115), entrapment by the deep transverse metatarsal
ligament (5, 47), and anatomical variations such as presence of the communicating
branch of the lateral plantar nerve (1, 32, 33). Jarde reported that flatfoot was
associated with the development of MN in 44% of a 43 patient series (65). Hagedorn et
al. in a 2013 study of 3,429 participants reported associations between foot posture and
common foot problems such as hallux abducto valgus, hammertoe, overlapping toe,
hallux rigidus and MN (173). Foot posture was recorded using a foot arch index and
foot function was assessed using the Centre of Pressure Excursion Index via a
Tekscan™ pressure mat. Centre of Pressure Excrision Index was utilised as a dynamic
measurement to identify feet as either over-pronated, neutral or over-supinated. Their
results showed no association between MN (n=439) and any foot posture and function.
However, their study did not compare the foot posture of subjects with foot disorders

with that of control subjects.

Excessive pronation can lead to hypermobility of the metatarsal heads and it has been
postulated that movement between the fixed medial column and the more mobile
lateral column of the foot can place excessive pressure on the third interspace nerve (1,
11, 63, 65, 115, 174). This, along with the traction caused by the flexor digitorum

brevis has been implicated as a possible cause of the formation of MN in the third
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interspace (63). It has been suggested that MN in the second interspace is more
common in the neutral to cavus foot due to the close proximity of the second and third
metatarsal heads . This tight space predisposes the nerve to compression by the bursa
above the nerve and the lumbricalis muscle/tendon arising from the medial aspect of
the flexor digitorum longus that runs parallel to the nerve (175). Furthermore, the
plantar declination of the metatarsals in a cavus foot type can increase pressure over
the corresponding nerve (67). Pazzaglia et al. reported that 75% of MN patients (n=12)
in their study had a cavus foot type with forefoot deformity (8). To date, there are no
case-control studies in the literature that investigate the association of MN with foot
posture. Additionally, a mechanism that relates foot posture to the occurrence of MN
in the second and third interspaces has not yet been proposed. Therefore, in the the
present study we hypothesized that the occurrence of MN in the third interspace is
associated with a pronated foot posture, while the occurrence of MN in the second

interspace is present in a more neutral to supinated foot type.

To accurately evaluate the association of foot posture with MN, investigators can use a
simple and efficient tool such as The Foot Posture Index ™ (FPI). FPI is regularly used
by clinicians to assess foot type prior to implementing orthotic therapy (126). The FPI
measurement tool has also been validated using Rasch analysis, which concluded that
it had “good psychometric properties, good individual item fit, and good overall fit of
the six criteria to the obtained model” (127). In addition, Cornwall et al. showed that
FPI1 had high intra-rater reliability, with intraclass correlation coefficient (ICC)
levels >0.9. However, inter-rater reliability with ICC values were moderate and ranged
from 0.525 to 0.655 . Although there is no available literature that has investigated FPI
and MN, this tool is frequently employed for studies of association between foot type

and many other lower extremity conditions (132, 176, 177).

Reduced ankle joint dorsiflexion, also known as ankle equinus, is surmised to cause
MN (12-14, 172, 178). A lack of adequate ankle dorsiflexion can result in
compensation during gait, such as an early heel lift and an increase in forefoot
pressures (171), thus causing pain in the forefoot (172). Measurement of ankle joint

dorsiflexion is used frequently by clinicians in their day to day practice. There is
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limited high quality evidence to support the relationship between ankle joint range of

motion and MN, with only one case study reporting an improvement in forefoot nerve

symptoms following a gastrocnemius release (12).

The current study investigates for possible associations between foot type (as measured

by FPI), ankle equinus and body mass index (BMI) as predisposing factors for MN.

It also examines the relationship between foot type and the affected interspace with

MN.

4.1 Methods

Cases and controls were recruited from patients attending The University of Western

Australia (UWA) Podiatry Clinic. The inclusion criteria for MN subjects included:

A minimum of six-month history of pain in an affected interspace and a
clinically demonstrated positive painful Mulder’s click

A positive ultrasound and/or MRI evidence of MN in the affected interspace

The inclusion criterion for control subjects was:

No history of MN or neuroma-like pain in the forefoot

The exclusion criteria for both neuroma and control groups were:

A previous history of surgery to the lower extremity

Any proximal nerve entrapment at the level of the ankle, knee, hip or back
Any history of significant trauma to the forefoot area

Any difficulty in walking and standing

Diabetes or a history of systemic arthritis

Bony ankle and soleus equinus

In this study we did not attempt to match the cases and controls. According to Pearce,

matching in a case-control study “does not control for confounding by the matching

factors; in fact it can introduce confounding by the matching factors even when it did

not exist in the source population” (179). In this research we were looking at possible
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casual effect between the cases and controls and hence an unmatched design was

preferred.

4.1.1 Recruitment

Approval for this study was obtained from the University of Western Australia Human
Research Ethics Committee. A total of 100 participants were recruited from the UWA
Podiatry Clinic, 68 of whom were diagnosed with MN from 2009-2015. There were 32
control participants recruited from 2014-2015. All participants provided a medical

history and underwent a physical examination by a practicing podiatrist.

4.1.2 Measurements

The age, weight and height of all subjects was recorded and their BMIs calculated. The
FPI was measured according to the FPI User Guide Manual (122) by the same
podiatrist with more than 10 years experience in clinical practice. Measurements were
taken twice and the average value recorded. Ankle dorsiflexion was measured for each
subject with a goniometer using the technique described by Root et al. (180). The
subtalar joint was placed in neutral with the patient in a prone position and the ankle
dorsiflexed passively while maintaining subtalar joint neutral position. The subject was
then asked to actively dorsiflex the foot while the examiner maintained the subtalar
joint in a neutral position. The angle formed between the lateral rear foot and the
lateral bisection of the distal 1/3 of the fibula was measured. Two measurements were
taken and the average recorded. The intra-rater reliability of the ankle dorsiflexion
measurements was tested by using the measurements from 8 subjects performed three
times to calculate the ICC using a two-way mixed effects model in IBM SPSS
Statistics v22 (IBM Corp, Armonk, NY, USA). The ICC of 0.95 (95% CI 0.83-0.99)

indicated that intra-rater reliability was good.

4.1.3 Statistical Analysis

IBM SPSS Statistics v22 was used for analyses. The significance level was set at 0.05.

Results are expressed as mean + SD. Medians and ranges are also presented for
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non-normally distributed measures. Independent sample t-tests were used to compare
the mean age, BMI, FPI and ankle dorsiflexion between MN and control groups. In
addition, Kruskal-Wallis tests were performed to test for differences in foot type and
ankle dorsiflexion between the interspaces affected. Chi-square tests were used to
determine whether there was any association between the interspace(s) and the foot
(feet) affected in MN subjects, and whether the proportions of males and females with
ankle dorsiflexions less than 10 degrees differed. Associations were also investigated
using multivariable logistic regression. Odds ratios (ORs) and 95% confidence

intervals (CIs) are reported.

4.2 Results

The 68 MN cases had a mean age of 52+14 years (range 20 to 74 years) and comprised
56 females and 12 males. The control group of 32 subjects had a mean age of 49+10
years (range 24 to 67 years), with 26 females and six males. There were no significant
differences in age between the MN and control groups (p=0.28), or BMI between the
MN (26.9+£5.7) and control (26.5+4.1) groups (p=0.72). Approximately equal
percentages of all men and women in the study had MNs: 66.7% of men and 68.3% of

women (p=0.89).

Figure 4.1 shows the FPI scores for the MN and control groups. The mean FPI scores
were 3.5+2.9 (range, -5 to 8) for right-foot MN and 2.9+2.8 (range, -1 to 7) for
left-foot MN (Table 4.1). The control group mean FPI score for the right foot was
2.7+2.5 (range, -3 to 7) and for the left foot 3.0£2.9 (range, -5 to 8). There were no
significant differences in the mean FPI scores for the right and left feet between cases
and controls (p= 0.21 and 0.87, respectively). There were, however, significant
differences in mean ankle dorsiflexion between the MN and control groups (p<0.001
for both feet). The ankle dorsiflexion measurements of MN subjects were 5.91 degrees
lower (95% CI: 4.04-7.78) for the right foot and 7.34 degrees lower (95% CI 5.55-9.13)
for the left foot. Figure 4.2 shows the ankle dorsiflexions of the MN and control groups.
Male and female ankle dorsiflexion measurements did not differ significantly, nor did

the proportions of male and female MN subjects with ankle dorsiflexion less than 10
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degrees. These were 87.5% versus 75.0% on the right (p=0.66), and 75.0% versus 86.7%

on the left (p=0.59) for males and females, respectively.
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Table 4.1 Comparison of characteristics between Morton’s neuroma and

control groups by affected foot

Case (IMN present) Control (No IMN)
n=68 n=32

Mean + SD Range  Mean+SD  Range  P-value

MN right footn=40  FPI 3.5+£2.9 -5t08 2.7+£25 -3to7 0.210
ADF 5.3+3.9 0to 10.9+3.6 0to20 <0.001

15
MN left foot n=38 FPI 29+£2.8 -1to7 3.0£29 -5t08 0.870
ADF 4.1+39 0to 11.3+3.1 2t018 <0.001

15

MN Morton’s neuroma, FPI Foot Posture Index, ADF Ankle dorsiflexion (degrees). P-values
from independent t-test comparison of cases with controls. Note: there is some overlap in cases
as some subjects have MN in both feet.
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Of the MN subjects, 28 were diagnosed with MN in the second interspace, 23 in the
third interspace and 17 in both the second and third interspaces. Three subjects had
MN of the second and third interspaces in both feet (Table 4.2). There was no
significant association between the interspace(s) affected and the foot (feet) affected

with MN(s) (p=0.16).

Table 4.2 Description of Morton’s neuroma by foot and the interspace(s)

affected
Interspace  Right Foot Left Foot Both Feet Total
213 14 9 5 28 (41.2%)
3/4 12 8 3 23 (33.8%)
Both 3 11 3 17 (25.0%)

Total 29 (42.6%) 28 (41.2%) 11 (16.2%) 68

Total interspaces affected: right foot (n=40); left foot (n=38)

To evaluate the relationship between FPI and affected interspaces, we divided MN
subjects according to their affected interspace and compared them with controls. The
second interspace FPl means were 3.2+2.6 and 2.7+1.9 on the right (n=19) and left
(n=13) feet, respectively. The third interspace FPI means were 3.20+£3.5 and 2.9+2.8
on the right (n=15) and left (n=11) feet, respectively (Table 4.3). FPI did not differ
significantly across groups when MN subjects were divided according to their affected
interspace(s) (p=0.27 on the right and p=0.47 on the left), nor did ankle dorsiflexion
differ across interspace groups (p=0.80 on the right and p=0.79 on the left). Logistic
regression models, adjusted for age, sex, FPI and BMI, estimated that the odds of
having MN in the right foot decreased by 38% (OR 0.62; 95% CI: 0.51-0.76) with each
additional degree of ankle dorsiflexion, and in the left foot by 30% (OR 0.70; 95% CI:
0.59-0.82) (Table 4.4).
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Table 4.3  The relationship between affected interspaces, foot posture index and

ankle dorsiflexion

Right Foot Left Foot
ADF ADF
FPI FPI
mean=SD mean=SD
IP n mean+SD n mean=SD
median median
median (range) median (range)
(range) (range)
2/3 1 3.242.6 4.63+2.87 13 2.7£1.9 3.62+3.84
9 4(-3to7) 5(0to 12) 3(0tob) 2 (0to 10)
3/4 1 3.2435 5.87+4.66 11 2.9+2.8 4.55+4.25
5 3(-51t08) 5(0to 14) 3(-1to7) 5(0to012)
Both 6 5.2+1.7 6.17+5.49 14 3.6+2.5 3.8615.10
5(31t08) 5(0to 15) 4 (-1to 6) 2.5 (0 tol5)
P-value 0.27 0.80 0.47 0.79

IP, interspace, p-value from Kruskal-Wallis one way analysis of variance test (non-parametric

test).

Table 4.4  Multivariable logistic regression estimates of odds of one or two

Morton neuromas

Right Foot Left Foot
Variable OR (95% CI) P-value OR (95% CI) P-value
Age (years) 1.06 (0.99,1.14) 0.75 0.99 (0.94, 1.04) 0.75
BMI (kg/m2) 0.88 (0.73, 1.06) 0.20 1.09 (0.96, 1.24) 0.20
Female * 2.08 (0.34, 12.8) 0.95 0.96 (0.23, 4.03) 0.95
FPI 1.29 (0.93, 1.81) 0.85 1.02 (0.82, 1.27) 0.85
ADF (degrees) 0.62 (0.51, 0.76) <0.001 0.70 (0.59, 0.82) <0.001

BMI Body mass index. FPI Foot Posture index. ADF Ankle dorsiflexion (degrees). OR Odds
ratio. Cl Confidence interval. * Compared to male.

Other ORs are per unit increase.
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In summary, no significant differences in FPI were apparent between affected MN
interspaces, or between cases and controls. MN subjects had significant lower ankle

dorsiflexion measurements compared with control subjects.

4.3 Discussion

This study found no association between foot posture according to the FPI and MN
formation. The mean FPI values measured here were slightly less than the normative
value of +4 reported by Redmond et al after measuring FPI in 619 healthy subjects
(181). The mean FPI scores in the present study for right-foot MN (mean 3.5+2.9;
range, -5 to 8) and left-foot MN (mean 2.9£2.8; range, -1 to 7) were not significantly
different to the controls (p=0.21 and p=0.87. respectively). In the Framingham
population study, Hagedorn et al. also did not find a significant association between

foot posture and MN (173).

Most of the literature states that the third interspace is more commonly affected with
MN due to anatomical and biomechanical reasons (5, 8, 19, 63, 175). Keh et al. (9)
reported a slightly increased occurrence of MN in the second interspace, but an equal
distribution of MN in both interspaces was reported by Mann et al. (45). In the present
study, approximately 41% of MN occurred in the second interspace, 34% in the third
interspace and 25% in both interspaces (Table 4.3). No relationship was found between
FPI and MN in any particular interspace. Therefore, our hypothesis that MN occurs
more commonly in the third interspace in a more pronated foot resulting from
hypermobility of the lateral column relative to the medial column was not supported by
these findings. Furthermore, even though the second interspace was the most
frequently affected site, cavus foot posture was not associated with formation of MN in

the second interspace.

It is reasonable to assume that individuals with a high BMI would have increased
pressure in the forefoot during the propulsive phase of gait, which may traumatize
plantar interspace nerves. However, in the current study no significant difference in

mean BMI was observed between the MN and control groups. The Johnston County
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study reported there was no clear association between BMI and the presence of foot
deformities (182). However, in a systematic review by Butterworth et al., a significant
association between foot pain as a result of non-specific foot disorders and increasing
BMI was reported (183). Obesity has been linked to an increase in plantar pressure
measurements , which lead to a more pronated foot and increase in foot pain (184, 185).
In our case-control series, no relationship between BMI and MN formation was

established.

A number of authors state that a lack of ankle dorsiflexion in gait increases pressure of
the forefoot (12, 14, 54, 171, 178). Barrett and Jarvis went as far as to recommend
endoscopic gastrocnemius release as a treatment for MN patients exhibiting ankle
equinus (12). DiGiovanni et al. studied the effect of isolated gastrocnemius tightness in
a group of 34 patients with forefoot and midfoot pain versus a control group of 34
subjects with no foot or ankle pain. These authors used an equinometer to measure
ankle dorsiflexion and defined equinus as less than 5 degrees. They found a twofold
higher rate of equinus in the patient group compared to the control group. However,
their study did not include any patients with MN and only 7 subjects were diagnosed
with metatarsalgia of non-neurological origin. Fryberg et al. reported a three-fold
increase in equinus in a diabetic group compared to a non-diabetic group of subjects
(186). Due to peripheral neuropathies, diabetics are more predisposed to equinus
deformity which can lead to an increase in forefoot pressure and hence ulcerations (54,
186). Even though diabetes was one of the exclusion criteria in the present study, the
results indicated a marked decrease in ankle dorsiflexion in MN subjects compared to
control subjects (Tables 4.1 and 4.4 and Figure 4.2). Although the measurement
technique used here has been reported in the literature as unreliable (187, 188), the

intra-rater reliability was found to be high.

Another mechanism by which ankle equinus exerts its pathological forces is best
explained by the “split second effect” (52). The human gait constitutes a three rocker
mechanism: heel rocker, ankle rocker and forefoot rocker (60). The split second effect
is the span of time during which the effect of pathological forces exerted on the foot

initiates in the second half of the ankle rocker to the end of the forefoot rocker (52).
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When there is lack of ankle dorsiflexion, the forces exerted on the foot exponentially
increase as “gastroneumius prematurely reaches its endpoint” (52). Two type of forces
are created by the split second effect. Direct tension forces occur in the posterior
muscle group complex and plantar fascia. Indirect forces are a result of the ankle and
forefoot rocker mechanism exerted on the forefoot as the proximal limb progresses
over the foot. This increase in activation of windlass can lead to increased strain on
plantar fascia (189) and place all of the soft tissue structures surrounding and including
the plantar nerve under stretch and strain. The collapse of the transverse arch places
further tension on the soft tissue structures in the forefoot, leading to rigidity (190).
This unnecessary increase in pathological force on the foot can result in stiffness in the
forefoot as a result of constant contraction of the intrinsic muscles and the deep fascia
to stabilize the forefoot in response to the split second effect. In an MRI study of 40
subjects with MN and 29 subjects with other foot and ankle problems, Stecco et al.
found the thickness of the dorsal fascia in the affected interspaces significantly greater
in subjects with MN. They concluded that alterations in foot support and altered
biomechanics act on the interosseous muscles, thus increasing the stiffness of the
dorsal fascia and particularly at points where these muscles are inserted. It is important
to note that the forefoot does get rigid in order to prepare for propulsion (60). However,
chronic and excessive rigidity of this fascia increases the stiffness of the
inter-metatarsal space, leading to entrapment of the common digital nerve. This
stiffness and rigidity in the forefoot occurs over a period. The effect of ankle equinus
may not be symptomatic initially and with advancing age the gastrocnemius gets

tighter (191), leading to increased pathological forces in the forefoot.

One limitation of this study was that FPI is a static measurement and may not represent
a subject’s dynamic function during gait, given that MN symptoms occur mostly
during the propulsive phase of gait. However, some studies support the use of FPI as a
valid tool in predicting dynamic function of the foot during gait (131, 192). Secondly,
gender may have affected the results since 82% of the study subjects were female.
However, no significant differences in mean ankle dorsiflexion measurements were

noted between male and female subjects. Presentation of MN is more commonly seen
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in women and in Australia their rate of hospital admission is three times higher than

that of males (193).

This study examined the relationship of FPI, BMI and ankle dorsiflexion with MN. To
our knowledge it is currently the only case-control study of this type in the literature.
No significant associations were found between foot type or BMI and MN, nor
between the FPI and interspaces affected by MN. However, a strong association was
observed between the presence of MN and a restriction of ankle dorsiflexion. Future

studies should investigate the effect of management of ankle equinus on MN treatment.
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Chapter 5. Radiographic Analysis of Feet with and without

Morton’s Neuroma

Adapted from: Naraghi R, Bremner A, Slack-Smith L, & Bryant A (2017)
Radiographic Analysis of Feet with and without Morton’s Neuroma. Foot & Ankle

International 38:310-317

5.0 Rationale of the Study

Most literature indicates the nerve involved in MN becomes enlarged and fibrosed as a
result of repetitive trauma (20, 44, 63, 115). Injury to the nerve has been attributed to
foot morphology (1), ankle equinus (12), and possibly to relative metatarsal lengths
(10). Recently, metatarsal shortening osteotomies have been recommended to
decompress MN (10, 18). Morton believed the symptoms associated with the condition
were probably the result of having a short first metatarsal that caused an overload of
the lesser metatarsals, thus traumatizing the common digital nerve (4). Patients with
short and hypermobile first rays are observed to have higher plantar pressures beneath
the second metatarsal, leading to transfer metatarsalgia (194, 195). Other factors are
also discussed in the literature, such as the presence of hallux abducto valgus deformity
and dorsiflexed first ray (145). These potentially increase the pressure under the lesser

metatarsal heads and may also lead to MN formation.

One phenomenon that can be seen radiographically in the assessment of patients with
MN is digital divergence. This can conceivably occur as a result of enlargement of the
bursa-neuroma complex, which may place pressure at the base of the affected proximal
phalanges (29, 86, 164). Digital divergence can also be seen in other pathologies such
as digital contractures and plantar plate ruptures, which are normally ruled out as
differential diagnoses when assessing MN. Grace et al. did not find any relationship
between MN and digital divergence (29). However, their study did not include data on

the size of the neuromas or on the interspaces that were affected by the divergences.

56



To our knowledge, there are no published studies that compare MN patients with
control subjects in terms of the metatarsal parabola and radiographic measurement.
The aim of this research was therefore to evaluate various structural measures in the
forefoot of patients with MN. The radiographic measurements included lesser
metatarsal length, first/second inter-metatarsal angle, hallux abducto valgus angle,
first/second lateral inter-metatarsal angle and the effect of MN size as measured by

ultrasound on digital divergence.

5.1 Methods

Weight-bearing dorsoplantar and lateral foot radiographs of subjects attending The
University of Western Australia (UWA) Podiatry Clinic were used in this study. One
hundred and one subjects (69 with MN diagnoses and 32 controls) were recruited to
the study from 2011-2015, which was part of a larger research project investigating the
aetiology of MN. This research project was approved by the Human Research
Committee of UWA. All participants signed informed consent forms to use their

radiographs for this study.

Inclusion criteria for MN subjects were a minimum of six-month history of neuroma
symptoms, a clinically demonstrated painful Mulder’s click, and ultrasound or MRI
confirmation of MN. The inclusion criterion for control subjects was no history of MN
or neuroma-like pain in the forefoot. Exclusion criteria for both neuroma and control
groups were any previous history of surgery to the lower extremity, any proximal
nerve entrapment at the level of the ankle, knee, hip or back, any history of significant
trauma to the forefoot area (including plantar plate pathology), metatarsus adductus
greater than 15°, any difficulty in walking or standing, diabetes or a history of systemic

arthritis.

A single assessor performed the radiographic measurements for each patient using
standard weightbearing dorsoplantar and lateral x-rays. The following angles were
measured: lateral intermetatarsal angle (LIMA), inter-metatarsal angle (IM), hallux

abductovalgus angle (HAV), digital divergence between the second and third digits
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(DD23), digital divergence between the third and fourth digits (DD34) and relative
metatarsal lengths of the first to fifth metatarsals (Metl-5). All radiographic
measurements were performed via an InteleViewer System? computer program.
Intra-tester reliability of all radiographic measurements was assessed on x-rays from
five randomly selected subjects. These were reassessed one week after the initial
measurements had been made and established the test-retest reliability of the

radiographic measurements used in the study.

The LIMA was determined from the weightbearing lateral radiograph by placing a
tangential line over the central portion of the dorsal cortex of the first and second
metatarsal shafts. The angle between the two tangential lines was measured as
described by Bryant et al. (Figure 5.1) (81). If the lines diverged distally the value was

positive, while if the lines converged it was given a negative value.

Figure 5.1 Radiograph demonstrating Lateral intermetatarsal angle (LIMA)

The HAV angle was formed by bisecting the proximal phalanx and the first metatarsal,
and measured as described by Gerbert (Figure 5.2) (196). The IM angle was formed by

the bisection of the first and second metatarsal (Figure 5.2).

2 http://ww.intelerad.com/en/products/inteleviewer/
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Figure 5.2 HAV and IM angles

The digital divergance angles (DD23 and DD34) were formed by bisecting the
proximal phalanges of the second, third and fourth digits. The angles between these
bisection lines were measured to assess the relative divergance of the digits on the

affected interspaces (Figure 5.3).
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Figure 5.3 DD23 and DD34 measurements

The relative metatarsal distances were measured using the Maestro technique (Figure
5.4) (78). The reliability of this measurement technique has been favourably reported
in the literature (134). First, the M1 axis, defined as the ‘axis of the foot’, was drawn
from the midpoint of the medial talar head to the distal lateral aspect of the
calcaneocuboid joint. Next the SM1 line was drawn perpendicular to the M1 axis such
that it bisects the fibular sesamoid. A line was then drawn parallel to the SM1 line and
tangentially to the apex of the head of the second metatarsal. This was referred to as
the SM2 line and its purpose was to measure the distance of all metatarsals relative to
the second metatarsal. The relative length of each metatarsal is the measurement of the
perpendicular line drawn from the apex of each metatarsal to the SM2. If the
perpendicular line was above SM2 the value was assigned as negative, while if below a

positive value was given.
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Figure 5.4 Maestro technique to assess relative metatarsal lengths

The intra class correlation coefficient (ICC) for the LIMA, IM, DD23 and DD34 angles
and the metatarsal distance measurements ranged between 0.95 and 0.99. Such values

are generally considered to be excellent (197).

The size of MN was based on measurements from the transverse ultrasound image, as
reported by radiology reports. Only participants with a transverse view measurement

were included in this study.

Data were entered into Microsoft Excel and exported to IBM SPSS Statistics v23 for
analyses. Independent Sample t-tests were used to compare the angle and distance
measurements between the MN and control groups. Right and left feet were analysed
separately to ensure data were independent. In addition, metatarsal length
measurements of subjects with single neuromas were compared to those of control
subjects. For these analyses, as well as distinguishing between right and left feet, the
second and third interspaces were evaluated separately. Mann-Whitney U tests (MWU)

were performed to take into account the reduced sample sizes and the non-normal
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distributions of some of the measurements. Spearman rank correlation coefficients
were used to assess relationships between neuroma size and digital divergence. Feet
with both the 2/3 and 3/4 interspaces affected were not included since increased

divergence in one interspace may affect the divergence in the adjacent interspace.

As insufficient data were available prior to this study to allow sample size calculations,
retrospective power calculations were conducted using PS: Power and Sample Size
Calculation (198). No mathematical correction was made for testing multiple

associations. Instead, all results including 95% Cls and p-values <0.05 are reported.

5.2 Results

The study included 101 subjects, of whom 69 were diagnosed with MN and 32 were
control subjects without MN. The mean + SD age of MN subjects was 52+15 years and
for control subjects, 48+12 years. The 69 MN subjects had 80 affected feet; the right
foot was affected in 36 subjects and the left foot in 44 subjects. The number of

interspaces affected for both right and left feet of MN subjects is shown in Table 5.1.

When comparing all feet, there were no significant differences in the LIMA, HAV, IM,
digital divergence angles and the relative metatarsal distances between subjects with

MN and control subjects (Table 5.2).

Table 5.1 The interspaces affected with MN for right, left and both feet

2/3 interspace 3/4 interspace Both interspaces Total

Right foot only 13 12 0 25
Left foot only 12 13 8 33
Both feet 4 1 6 11
Total 29 26 14 69
Right foot total 17 13 6 36
Left foot total 16 14 14 44
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Table 5.2 Comparison of radiographic measurements between MN and control groups by affected foot

MN (L) Control (L) P-value MN (R) Control (R) P-Value

n=43 n=32 (95% CI) n=37 n=32 (95% CI)
LIMA 0.29+3.03 —0.17+2.08 0.45 (-0.77,1.72) 0.64+1.93 0.07+2.26 0.26 (0.44,1.57)
HAV 13.38+7.18 11.3+7.18 0.28 (-1.78,5.94) 13.04+9.07 10.59+7.08 0.22 (-1.50,6.41)
IM 9.61+3.29 8.24+2 .51 0.05 (-0.02,2.76) 8.61+3.06 8.02+2.78 0.40 (-0.82,2.00)
DD23 7.73£5.96 5.56+4.50 0.07 (-0.33,4.68) 6.9745.06 5.07+4.67 0.11 (-0.45,4.26)
DD34 3.61+3.93 4.07+3.72 0.60 (-2.25,1.32) 3.03+3.72 4.36+3.98 0.15 (-3.18,0.52)
Metl 0.26+0.20 0.22+0.56 0.66 (-0.14,0.23) 0.24+0.35 0.28+0.32 0.59 (-0.20,0.11)
Met3 0.53+0.21 0.55+0.17 0.64 (-0.11,0.07) 0.52+0.21 0.49+0.17 0.49 (-0.06,0.13)
Met4 1.42+0.36 1.47+0.22 0.45 (-0.18,0.08) 1.40+0.38 1.34+0.25 0.45 (-0.09,0.21)
Met5 2.86+0.48 2.87+0.32 0.88 (-0.19,0.17) 2.85+0.49 2.72+0.28 0.16 (-0.05,0.33)

MN (Morton’s neuroma), L (Left), R (Right), CI (Confidence interval), LIMA (Lateral intermetatarsal angle, degrees), HAV (Hallux Abducto valgus,
degrees), IM (first and second intermetatarsal angle, degrees), DD23 (digital divergence between 2™ and 3" toes, degrees), DD34 (digital divergence
between 3 and 4™ toes, degrees), Met1 (relative first metatarsal length, cm), Met3 (relative third metatarsal length, cm), Met4 (relative forth metatarsal
length, cm), Met5 (relative fifth metatarsal length, cm), and P value reported by Independent Sample t-tests.
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Second interspace measurement comparison

In the left foot, a significant difference in IM angles of MN subjects compared to
control subjects was observed (mean 10.72 vs 8.24, respectively; MWU p=0.02, Table
5.3). In the right foot, a significant difference was found in the fifth metatarsal length
of MN subjects compared to control subjects (mean 3.06 vs 2.72, respectively; MWU
p=0.01). In the left foot the DD34 angles of the MN and control subjects differed
significantly (mean 2.02 vs 4.07, respectively; MWU p=0.02) and similar differences

were seen in the right foot (mean 0.86 vs 4.36, respectively; MWU p<0.001).

Third interspace measurement comparison

In the left foot, a significant difference in the Met4 of MN subjects compared to
control subjects was observed (mean 1.29 vs 1.47, respectively; MWU p=0.02, Table
5.3). Similarly, in the right foot the Met3 and Met4 lengths of MN and control subjects
differed significantly (mean 0.40 vs 0.49, respectively; MWU p=0.03, and mean 1.14

vs 1.34, respectively; MWU p=0.02, respectively).

The average MN size was 7.5 mm (range 3-12 mm) in transverse section as measured
by ultrasound. No relationship between MN size and digital divergence was found in

either foot, or in either neuroma location (Table 5.4).
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Table 5.3 Comparison of radiographic measurements in subjects with MN in the second and third interspaces right and left foot
2/3L P-value MWU 2/3R P-value 3/4L P-value 3/4R P-value
n=16 (95% CI) n=17 (95% CI) n=14 (95% Cl) n=12 (95% CI)
LIMA  -0.28+4.26  0.24(-1.94,1.72) 1.00+1.88 0.17 (-2.22,0.36) 0.27+1.63 0.30 (-0.82,1.71) -0.11+2.26 0.59 (-1.31,1.69)
HAV 15.15+9.68  0.12(-1.12,8.83) 15.03+8.45  0.09 (-9.01,0.13) 11.73+5.5 0.77 (-3.92,4.78) 12.41+10.20  0.90 (-7.30,3.65)
IM 10.72+¢3.52  0.02 (0.70,4.25) 8.72+2.41 0.42 (-2.31,0.90) 8.78+2.32 0.70(-1.05,2.12) 9.13+4.09 0.63 (-3.28,1.05)
DD23  8.95%7.15 0.05 (~0.67,7.46) 7.58+4.71 0.11 (-5.33,0.32) 4.94+4.59 0.62 (-3.54,2.30) 4.85%4.22 0.74 (-2.90,3.32)
DD34  2.02+2.69 0.02 (—4.1,0.05) 0.862.90 0.001 (1.29,5.70) 4.69+4.73 0.85 (-1.99,3.23) 6.40+2.97 0.07 (—4.60,0.51)
Metl 0.32+0.19 0.61 (-1.9,0.39) 0.13+0.33 0.10 (-0.41,0.35) 0.29+0.14 0.90 (-0.24,0.37) 0.340.25 0.57 (~0.26,0.15)
Met3 0.54%0.20 0.45 (-0.12,0.10) 0.59+0.19 0.10 (-0.20,0.01) 0.44%0.18 0.07 (-0.23,0) 0.400.18 0.03 (-0.02,0.21)
Met4 1.52+0.33 0.98 (-0.11,0.21) 1.54+0.31 0.05(-0.36,-0.02)  1.29+0.34 0.02 (-0.35,0) 1.14+0.30 0.02 (0.02,0.38)
Met5 2.99+0.47 0.40 (-0.11,0.35) 3.060.41 0.01(-0.53,-0.13)  2.73+0.45 0.17 (-0.38,0.08) 2.45+0.38 0.08 (0.05,0.47)

See Table 2 for control values.
2/3L (second interspace mean and standard deviation left foot), 2/3R (second interspace mean and standard deviation right foot), and 3/4L (Third
interspace mean and standard deviation left foot), 3/4R (Third interspace mean and standard deviation right foot), and P value by MWU

(Mann-Whitney U test).
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Table 5.4 Correlation between MN size and digital divergence

Foot Position n r P-value

Right 2/3 13 0.370 0.21
3/4 11 0.135 0.69
Left 2/3 12 0.184 0.57

3/4 12 -0.047 0.88

5.3 Discussion

Metatarsal shortening osteotomy for ‘decompression’ of MN was introduced by Park
et al. in 2013 (10). These workers retrospectively compared the outcomes for deep
transverse metatarsal ligament (DTML) release in 46 MN patients with outcomes for
40 MN patients who underwent both DTML release and shortening of a lesser
metatarsal utilising a Weil osteotomy. In their pre-operative evaluation of patients,
metatarsal lengths were measured according to the technique described by Maestro et
al. A Weil shortening osteotomy was performed on the longer metatarsal adjacent to
the affected interspace. Outcomes were measured using the Foot Function Index and
The American Foot and Ankle Society Forefoot Score. The outcomes for the group
that received DTML release with Weil osteotomy were significantly better than those
of the group that received DTML release only. However, there are no published
case-control studies that evaluated the relative metatarsal lengths of patients with MN
compared to a control group. The present study was therefore undertaken using
radiographic measurements described by Maestro et al. in order to explore the validity
of performing a surgically lesser metatarsal osteotomy for MN. No significant
differences in the relative lengths of metatarsals were observed between the feet of MN
and control subjects. However, some unusual findings were made for the single
interspace comparisons with controls, although these may be due to chance in view of

the relatively small sample size.

Menz et al. evaluated relative metatarsal lengths using the Maestro technique in older

people with forefoot pain (n=40) and in a control group of older patients with no
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forefoot complaint (n=70) (199). They found no association between pain in the
forefoot and relative metatarsal lengths. However, using a MatScan® system they found
the peak plantar pressure under metatarsals 3-5 was significantly higher compared to
the control group. They also observed a weak negative correlation between pressure in
the forefoot and metatarsal length. Patients with forefoot pain were selected
subjectively and none had a confirmed diagnosis of MN. The increase in pressure
under the lesser metatarsals in this elderly group can perhaps be explained by fat pad

atrophy and stiffness of the forefoot (200, 201).

Kaipel et al. (202) did not find any relationship between increased metatarsal length
and plantar pressure in 91 patients with and without forefoot pain. They prospectively
followed two groups of patients (51 feet in each group) with and without metatarsalgia,
measured the relative metatarsal lengths using the Maestro technique, and performed
plantar pressure measurements on an EMED-SF1 platform. These workers reported
that relative metatarsal length had no effect on peak pressure or peak force. Their
findings question the rationale of performing shortening osteotomies such as Weil

osteotomy for the management of metatarsalgia.

Morton was the first to propose that hypermobility of the first ray resulting from a
short first metatarsal and/or dorsal extension of the first metatarsal can result in lateral
transfer of load to metatarsals 2-5 (4, 6). This phenomenon, known as “first ray
insufficiency” (73) can lead to increased pressure in the lesser metatarsal area which
Morton suggested could predispose to MN formation (74, 203). Breusch et al. reported
MN development following Wilson osteotomy, which significantly shortens the first
metatarsal (77). Bauer et al. also reported that short length of the first metatarsal is a
risk factor for recurrence of MN after open neurectomies (18). However, using a
technique first described by Hardy and Clapham, Grebing and Coughlin measured the
relative difference in lengths of the first and second metatarsals for 46 control, 53
hallux valgus, 54 hallux rigidus, and 49 MN patients. They found no correlation
between shortness of the first metatarsal and hypermobility of the first ray in all groups
investigated (74). Similarly, the present study found no significant differences between
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MN and control groups with regard to first metatarsal lengths, or relative lengths of the
first and second metatarsals. Collectively, these findings question Morton’s belief that

short first metatarsals cause MN formation.

Measurement of the LIMA was used to evaluate the relationship between first ray
elevatus and MN formation. We used the LIMA to determine whether the dorsal cortex
of the first metatarsal was more elevated in relation to the second metatarsal on weight
bearing lateral view of subjects. Even though the first metatarsal was more elevated in
the MN group, the differences were not statistically significant. Roukis reported LIMA
measurements of MN patients (n=50) and compared them to a group of patients with
hallux rigidus, hallux valgus and plantar fasciitis (204). He found that LIMA in the
hallux rigidus group was significantly greater than in other groups, including MN.
Horton et al also measured first ray elevation using a different technique in three
groups of patients with hallux rigidus (n=146), asymptomatic controls (n=50) and an
MN group (n=64) (80). These authors reported no difference between the groups with
respect to elevation of the first metatarsal head. Based on review of the literature and
on the present findings, a significant relationship between MN and first ray elevatus

cannot be demonstrated.

A limitation of measuring the LIMA is that the weight bearing lateral view depicts the
foot during midstance (80). The pathological forces in MN are most likely caused
during propulsion when maximum force is applied to the forefoot. During initial and
final propulsion, strong forces are applied to the metatarsal heads (205). Future
radiographic studies should investigate the change in first ray elevatus from midstance
through propulsion in order to assess the role of the first ray in transferring load to the

forefoot.

Lateral shifting of the hallux and increases in the IM angle have been described as
possible causes of forefoot symptoms (77, 145, 199, 206, 207). Dietze et al performed
a radio-kinematic and pedographic study in eight patients with HAV and first ray

instability and found there was a significant increase in force transfer to metatarsals
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2-4 (208). This transfer of force may cause overload to the forefoot and result in MN
formation. Waldecker studied the plantar loading patterns in 50 patients with HAV and
metatarsalgia and in 50 patients with HAV and no forefoot symptoms (145). He found
a significant increase in peak pressure from medial to lateral across the forefoot in
patients with HAV and forefoot pain. He explained this load transfer as a possible lack
of the windlass mechanism which can occur as a result of increased hallux abduction
and increased varus rotation of the first ray. In the current study the HAV and IM
angles were compared between MN and control groups and no significant differences

found.

To the author’s knowledge, the only case control study on digital divergence was
published in 1993 by Grace et al . These workers did not find a significant increase in
digital divergence in MN subjects (n=48) compared to normal subjects (n=100). Their
study did not state the size of the neuromas, nor did they report the divergence angles
of the second and third interspaces separately. In the present study, no significant
differences in the DD23 and DD34 angles were observed between MN and control
groups. Based on the available data, no correlation was found between size of the MN

and digital divergence.

One limitation of this study relates to statistical power. Retrospective calculations
indicate the study had power of between 0.54 and 0.78 to detect differences of 2mm in
metatarsal measurements, and a minimum power of 0.83 to detect a difference of 5
degrees in angle measurements when all MN and control subjects were compared.
However, for the single interspace and digital divergence analyses, the sample size and
hence statistical power was reduced. Another limitation of this study may be that
females were approximately twice as frequent in the MN group. However, this
represents the normal demographic presentation of MN as indicated by the three-fold
higher rate of hospital admission for MN amongst females in Australia compared to
males (193). Another potential limitation was the use of two dimensional
weight-bearing dorsoplantar radiographs when examining metatarsal length. It would
also be important to assess sagittal plane measurements of metatarsals when
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investigating hyper-pressure of the forefoot as a possible aetiology for MN, as
suggested by Bauer et al. (18). Future studies could conceivably measure coronal
images of the transverse arch to assess the relative height of the metatarsals relative to
the ground. As recommended by some statisticians,(209, 210) no statistical correction
was made for multiple testing and instead all results were reported. Thus, some of the

significant associations observed here could be due to chance.

In conclusion, this study did not find any relationship between metatarsal length and
MN formation in symptomatic MN patients compared to a control group. Furthermore,
no correlation was observed between the size of MN estimated using ultrasound
images and radiographic evidence of digital divergence. Lastly, no significant
relationship was seen between first ray elevatus or shortness of the first metatarsal and
presence of MN, thus questioning the validity of Morton’s early thoughts on the

aetiology of MN.
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Chapter 6. Plantar Pressure Measurements and
Geometrical Analysis of Patients with and without

Morton’s Neuroma

The work presented in this chapter has been submitted for publication:

Naraghi R, Slack-Smith, L, Bryant A. Foot & Ankle International (submitted for

publication, September, 2017)

6.0 Rationale of the Study

MN is a common cause of metatarsalgia affecting the second and third intermetatarsal
spaces. It is more prevalent in females than males with the hospital admission rate for
MN treatment being highest for females in the 50-55 years age category (193). Specific
symptoms of MN include complaints of shooting pain, numbness and/or tingling in the
second, third and fourth digits, burning sensation, cramping, and a feeling of ‘‘walking
on a lump in the ball of the foot” (20). This is aggravated by walking in high-heeled
shoes with a narrow toe box. MN is clinically diagnosed by Mulder’s click, which has
98% sensitivity for diagnosing this condition (88). MRI and ultrasound are equally
effective in diagnosing MN (92), however a recent systematic review suggests that
ultrasound may be more accurate than MRI with 90% sensitivity and 88% specificity

(211).

Although there is debate over the exact aetiology of MN, the most common theories
involve chronic trauma (2, 5, 18, 20, 115), abnormal metatarsal parabola (10),
biomechanical factors such as pronation (5, 20) and or supination (8, 112) and equinus
deformity (12, 172). These factors have been proposed to increase pressure in the
forefoot and cause repeated trauma to plantar intermetatarsal nerves (50). An
anatomical study by Kim et al. refuted the entrapment theory proposed by Gauthier (47)
and postulated instead that MN was caused by pinching of the common digital nerve
by the adjacent metatarsal heads and metatarsophalangeal joints during walking (50).
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MN is a form of metatarsalgia and has been hypothesized to result from repeated
loading of metatarsal heads (160). According to the aforementioned theories, increased
pressure in the forefoot and under the metatarsal heads may traumatize the common

nerve, thus leading to fibrosis and pathological changes.

MN is often managed conservatively with the use of metatarsal pads (212, 213). These
are thought to lead to pain reduction by decreasing pressure on the nerve through
widening of the forefoot (213). Recently Bauer et al. (18) and Catani et al (112) have
advocated surgical treatment of MN using percutaneous metatarsal osteotomies to
decompress the affected nerve. They proposed that symptoms of MN can be managed
by addressing the ‘hyper-pressure’ of the affected metatarsal head. However, they did
not evaluate plantar pressures before and after performing the metatarsal osteotomies
in order to confirm a change in pressure. Surprisingly, no case-control studies have
been reported in the literature that investigate the forefoot pressure of individuals with

MN compared to an asymptomatic control group.

Other factors such as ‘wideness’ or ‘splay foot’ have been suggested as contributing to
the aetiology of MN (15, 16, 163, 190, 214). The normal contour of the forefoot and
the presence of the transverse arch across the metatarsals is an important mechanism
by which shock absorption within the forefoot can occur during gait (16, 162, 215).
Pathological conditions such as 'splay foot', ‘anterior flat foot' or ‘collapsed metatarsal
arch' may increase the pressure in the forefoot and cause metatarsalgia (215).
Additionally, ‘splay foot” may also produce compressive forces in the forefoot when
wearing shoes, leading to irritation of the affected nerve. Contrary to this, narrowness
of the forefoot leading to closer proximity of the metatarsal heads and impingement of
the nerve has also been suggested as a possible aetiology for MN (216). Park el al. did
not find any significant differences in forefoot width, intermetatarsal angle and
metatarsal distance between radiograph’s of MN subjects (n=84) and age and sex
matched controls (n=84). However, their study was based on weightbearing
radiographs that mimic midstance rather than during propulsion when the forefoot is
dynamically under the greatest stress. Despite forefoot width often being cited as a
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contributing cause of MN, there are no reports in the literature that have examined this

factor dynamically.

Dynamic barefoot pressure data can be collected using the Emed-x® capacitance
transducer matrix platform (Novel gmbh, Munich, Germany). This instrument has been
shown to be a reliable tool for measuring plantar forefoot pressures and foot geometry
(137, 142). The aim of this research was therefore to test the hypothesis that forefoot
peak pressure, contact time and/or pressure time integrals are greater under the affected
metatarsal heads of MN patients compared to control subjects. The second goal was to
perform geometrical measurements such as forefoot width, foot length, coefficient of
spreading, foot progression angle, and arch index. Finally, this study will investigate
whether there is any correlation between increased forefoot peak pressures and

forefoot width in subjects diagnosed with MN.

6.1 Methods

Approval was obtained from the University of Western Australia (UWA) Human
Research Ethics Committee for this study (Approval RA/4/1/2543). Eighty-three
participants consisting of 52 subjects with MN and 31 control subjects were recruited
from the UWA Podiatry Clinic from 2012-2014. Controls consisted of 12 males and 19
females and the MN group consisted of 13 males and 39 females. Demographic
information on the participants is provided in Table 6.1. The MN cases and controls
were recruited by a University circular email advertisement. All subjects were given a
patient information sheet and written consent was obtained to participate in the study.
Inclusion criteria for MN subjects were a minimum six-month history of neuroma
symptoms, a clinically demonstrated painful Mulder’s click with ultrasound
confirmation of MN. Ultrasound diagnosis of MN was made by an experienced
musculoskeletal radiologist and assessed on both transverse and longitudinal axes as an
abnormal ovoid hypoechoic thickening corresponding to the location of maximum
tenderness (64). Each MN subject was clinically examined by a trained podiatrist as

well as an experienced musculoskeletal radiologist to rule out any other source of pain
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such as capsulitis and lesser metatarsal phalangeal joint instability such as plantar plate
pathology. The inclusion criterion for control subjects was a negative history of MN or
neuroma-like pain in the forefoot. Exclusion criteria for both the neuroma and control
groups were any previous history of surgery to the lower extremity, any proximal
nerve entrapment at the level of the ankle, knee, hip or back, any history of significant
trauma to the forefoot area, rigid toe deformities, or an inability to ambulate without

pain.

Table 6.1 Demographic description of Morton’s neuroma (MN) and control

subjects
Morton’s neuroma  Control
n=52 n=31

Age (years) 52114 49+10
Weight (kg) 76219 71+16
Height (meters) 1.67£0.07 1.64+0.10
Body Mass Index 276 26+4
Sex (Female/Male) 39/13 19/12
Feet studied 61 62
Foot (Right/Left) 30/31 31/31

6.1.1 Measurements

Dynamic peak plantar pressures, contact time, pressure time integrals and geometrical
data were extracted using the Emed-x® platform (Novel GmbH, Munich, Germany)
which was set flush to the floor within a 10-meter walkway. The Emed-x® platform is
comprised of 6,080 capacitive sensors within a sensing area of 475 x 320 mm (sensor
resolution of 4 sensors/cm?) and has a pressure range of 10-1270 kPa, accuracy of
+5%, and hysteresis <3% . The sampling frequency was 100 Hz. A two-step approach
at a self-selected speed was utilized for all trials, which has been demonstrated

previously to be as reliable as the mid-gait approach (139). Participants stood on the
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platform and took two steps forward to determine the starting position. At the starting
position, subjects were instructed to strike the platform on their second step. Subjects
were instructed to use their usual gait while looking straight ahead and to avoid
targeting the platform. Subjects practiced walking across the platform until he/she was
comfortable with the procedure. Subjects performed five trials with the right and left
feet, until a total of 10 successful steps were recorded. A trial was successful when
only one foot contacted the platform, contact was made on the second step, and

participants did not target the platform. Trials not meeting these criteria were excluded.

Emed-x® generated data were analysed using the Novel Database Medical Software
Program (version 15.2.3, Novel GmbH). All measurements were calculated from the
maximum pressure picture of the step during gait which corresponds to the contact or
push-off phase of gait. The maximum pressure picture is a colour-coded image of the
foot representing the maximum pressure value recorded by each sensor. The foot was
divided into 10 regions (masks) using the Emed-x® Automask software. Masks for
heel, midfoot, first to fifth metatarsal heads, hallux, second toe, and third to fifth toes
(Figure 6.1) were used for analysis. For each mask the peak pressure (kPa) and contact
times (msec) were measured. The pressure time integrals (kPamsec) under metatarsals
2-4 were measured to evaluate the cumulative effect of both pressure and time on MN
formation. For each subject, the means of five measurements were used for statistical
analyses. Five geometric measurements that included forefoot width (cm), foot length
(cm), coefficient of spreading (forefoot width/foot length), foot progression angle (the
angle between the axis of the foot and line of progression) and arch index (midfoot
area divided by total foot area) were automatically calculated utilizing the software

algorithms for each trial.
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Figure 6.1 Ten mask areas depicted for peak pressure and pressure time integral

measurements

6.1.2 Statistical analysis

All data were explored for normality prior to inferential analysis. Differences in peak
pressure, contact time, pressure time integral and geometric data between participants
with and without MN were determined using independent sample t-tests. Associations
between coefficient of spreading and peak pressures during gait were determined using
Pearson’s r correlation coefficient. Cohen’s recommendation for correlations was used,
with 0.10 to 0.30 interpreted as a weak correlation, 0.30 to 0.50 as a moderate
correlation, and greater than 0.50 as a strong correlation (217). All analyses were
undertaken using SPSS Release 22.0 for Windows (SPSS, Inc., Chicago, IL), and

p-values <0.05 were considered significant.

6.2 Results

No significant differences in age, weight, height and BMI were observed between the

MN and control subjects (p value=0.28, 0.22, 0.22, and 0.31, respectively). The
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number of affected interspaces with MN are summarized in Table 6.2. No significant
differences were observed in the peak pressures of all masked areas and
pressure-time-integrals under metatarsal 2-4 heads between MN and control subjects
(Table 6.3). However, contact time on the right heel was reduced significantly in MN
subjects compared to controls (Table 6.4). Contact times were not significantly
different in all other masked areas. In addition, no significant differences were
observed between the MN and control subjects in geometric measurements of forefoot
length, width, coefficient of spreading, foot progression angle and arch index (Table

6.5).

Table 6.2 Interspaces affected in Morton’s neuroma subjects

Interspace Right Foot  Left Foot  Both Feet Total

2/3 11 4 6 21 (40.4%)
3/4 8 10 1 19 (36.5%)
Both 2 8 2 12 (23.1%)
Total 21 (40.4%) 22 (42.3%) 9 (17.3%) 52 (100%)
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Table 6.3 Mean * SD of peak pressures for 10 masks and pressure time intervals for metatarsals 2-4

MN R (n=30) Control R (31) P-value (CI) MN L (31) Control L P-value (95%CI)
M1PP 342+130 316+73 0.25 (-80,21) 357+111 327+86 0.25 (-81,21)
M2PP 170+58 156+45 0.46 (-15,33) 148451 15743 0.46 (-15,33)
M3PP 298+106 313+127 0.32 (-113,38) 366+151 328+146 0.32 (-113,37)
M4PP 477£174 494+161 0.95 (-71,67) 476x121 474+150 0.95 (-71,67)
M5PP 461+174 455+151 0.96 (-59,62) 437+117 439+122 0.96 (-59,62)
M6PP 306+99 297493 0.12 (-69,8) 303186 272465 0.12 (-69,9)
M7PP 227+147 2244124 0.87 (-61,52) 2164125 211496 0.86 (-61,52)
M8PP 4354213 4544209 0.73 (-89,127) 446+238 448+195 0.96 (~108,113)
M9PP 20697 259+360 0.44 (-83,189) 173+124 199482 0.34 (-28,79)
M10PP 178+69 151+56 0.10 (-59,5) 116455 152485 0.05 (-0.37,72)
M4PTI 153+65 154+48 0.96 (—28,30) 154+40 150+48 0.72 (-27,19)
M5PTI 152+69 146+46 0.71 (-35,24) 148+42 143+42 0.65 (—26,17)
M6PTI 108+36 106+33 0.82 (-19,15) 109431 98+26 0.1 (-26,3)

Peak Pressures (PP) measured in kilopascal (kpa) and and pressure-time -integrals (PTI) measured in kpams. Masked areas: M1 (heel), M2 (mid foot),
M3 (first metatarsal), M4 (second metatarsal), M5 (third metatarsal), M6 (fourth metatarsal), M7 (fifth metatarsal), M8 (hallux), M9 (second toe), M10

(third, fourth and fifth toes).
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Table 6.4 Meanz SD of contact time(msec) for 10 mask areas for MN and controls

MN R (n=30) Control R (31) P-value (CI) MN L (31) Control L (31) P-value (95% CI)
M1CT 424468 462471 0.04 (2,74) 445196 451479 0.79 (-39,50)
M2CT 490485 524489 0.13 (-10,79) 502+104 516494 0.59 (-37,64)
M3CT 601+74 625177 0.23 (-15,62) 632178 610+97 0.35 (-66,23)
MACT 633172 655+73 0.24 (-15,59) 653176 649485 0.86 (-45,37)
M5CT 634+87 667+78 0.13 (-9,75) 664+74 665+86 0.96 (—40,42)
M6CT 639+74 658+76 0.31 (-19,58) 656+76 653+88 0.87 (-45,38)
M7CT 567+134 612475 0.11 (-10,101) 603478 605+88 0.92 (-40,44)
M8CT 517+113 570+109 0.07 (-3,110) 563+107 563+121 0.99 (-58,58)
MOCT 443+119 443+104 0.90 (-57,57) 426+126 476197 0.08 (-7,107)
M10CT 535+111 5074116 0.34 (-86,30) 502+134 505+132 0.93 (-65,70)

CT contact time. See table 6.3 for definition of masked areas
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Table 6.5

Geometric measurements (mean, SD and P-value) between MN and controls

MN R (n=30) Control R (n=31) P-value (CI) MN L (n=31) Control R (n=31) P-value (95% CI)

Mean+SD Mean+SD Mean+SD Mean+SD
FL (cm) 25.83+1.54 25.5+1.71 0.49 (-1.12,0.55) 25.66+1.49 25.46+1.74 0.63 (-1.02,0.62)
FW(cm) 9.99+0.83 9.94+0.74 0.82 (-0.45,0.35) 10.12+0.76 10.00+0.76 0.53 (-0.51,0.26)
FPA (degrees) 9.85+5.83 10.71+5.89 0.56 (—2.13,3.87) 8.56+5.74 7.63+6.13 0.54 (-3.9,2.09)
COs 0.38+0.02 0.39+0.02 0.47 (-0.01,0.16) 0.39+0.02 0.39£0.02 0.67 (-0.01,0.01)
Arch Index 0.21+0.05 0.22+0.05 0.32 (-0.01,0.04) 0.20+0.06 0.22+0.05 0.11 (0.00,0.05)

FL Foot length, FW Foot width, FPA Foot progression angle, COS coefficient of spreading, MN Morton’s neuroma.
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A negative weak to moderate correlation (217) was observed between the coefficient
of spreading on the right foot and third metatarsal head peak pressure (r=-0.26,
P=0.04). On the left foot a weak correlation was observed between the coefficient of
spreading and second metatarsal head pressure (r=-0.28, P=0.03). No significant
correlations were observed between coefficients of spreading and all other metatarsal

head pressures.

6.3 Discussion

The current study found no significant differences in peak pressure and contact time in
10 masked areas of the foot between patients affected with MN and controls. In
addition, the pressure time integrals over the second through fourth metatarsal heads in
subjects with neuromas were not significantly increased compared to the control group.
This contrasts with the suggestion that peak pressure should increase in the forefoot in
the immediate vicinity of a MN. Bauer et al. (18) believed that “hyper-pressure” under
the metatarsals should be addressed for surgical management of MN. These authors
performed a retrospective study comparing open neurectomy (n=26) and percutaneous
deep transverse metatarsal ligament release with oblique osteotomy at the level of the
head of the affected metatarsal on patients diagnosed with MN. They found the
short-term clinical outcome for the percutaneous osteotomy group was as good as that
of the open neurectomy group, with significantly better long term outcomes (18). A
number of their subjects had other associated conditions such as hallux valgus,
metatarsal phalangeal joint subluxation and toe deformities. MN can of course occur
simultaneously in the presence of other forefoot conditions. However, it is also
important to note that plantar pressure in the forefoot can increase in patients with
digital deformities, hallux valgus, systemic arthropathies and neurological conditions
(56, 136, 154, 156, 218). All the subjects in the present study had painful MN without
any other forefoot problems, which may explain why ‘“hyper-pressure” was not
significantly different between the MN and control groups. In view of the results from

this study, if lesser metatarsal osteotomies are being considered as treatment of MN it
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would seem prudent to undertake preoperative plantar pressure measurements in order

to confirm the need for osseous surgical intervention.

Previous studies investigating plantar pressure measurements of patients with
generalised forefoot pain have demonstrated increased peak pressures in the forefoot
(199, 202). Keijsers et al. however, attempted to classify forefoot pain based on plantar
pressure measurements, but did not find any significant differences in peak pressures
under the metatarsal heads between subjects with (n=283) or without forefoot pain
(n=311) (219). None of the participants in their study had a confirmed diagnosis of
MN and 207 subjects had other toe deformities, heel pain and ankle pain, which may
have affected plantar forefoot pressures. In contrast to our findings, they found PTI and
contact times under metatarsals two and three were significantly increased in the
forefoot pain group in comparison to their asymptomatic group. They proposed that in
subjects without foot deformities the peak plantar pressure under the heads of
metatarsals was not as important as other factors such as plantar fat pad thickness and

pain tolerance.

Our results showed no significant difference between the arch index of cases and
controls which supports our previous findings using the Foot Posture Index (FPI) to
compare foot type with the presence of MN (220). Although FPI is a static
measurement of foot type, we did not see any difference in the arch index measured
based on the dynamic plantar pressure measurement system. Therefore, based on our
subjects, we can conclude that foot type may not be a sole predisposing factor in the

pathogenesis of MN.

Logically, the presence of pain can potentially alter a person’s gait pattern (221). At
the time of the data collection all patients were pain free in order for them to meet the
inclusion criteria and participate in the Emed testing. In this manner, it can be assumed

that all MN subjects did not guard for pain with an unusual foot strike on the platform.

There was no significant difference between the width, length and coefficient of
spreading between the MN subjects and controls. Based on previous studies males
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have wider feet than females (215, 222). Male subjects constituted 39% of the controls
and approximately 25% MN subjects. No attempt was made to separate males from
females in either group for this part of the data analysis. This unequal distribution may
have affected our results as there were higher percentages of males in the control group.
However, recent study by Park et al. would seem to support our findings, and showed
no significant differences between forefoot width and inter-metatarsal distances of
patients with MN compared to a control group using weight-bearing radiographs (216).
Their study did not show what happens to the width of the forefoot during push off
phase. In our study we did not see any significant differences in forefoot width and

coefficient of spreading dynamically between patients with and without MN.

Splayfoot has been associated with metatarsalgia by numerous authors (15, 16, 163,
215). It has been said that as the forefoot collapses in propulsion there is increase in
pressure in the central metatarsals (15). We found no such correlation between the
coefficient of spreading and peak pressure in the forefoot. To the contrary, a significant
weak inverse relationship was observed between the coefficient of spreading and peak
pressures under the second and third metatarsals of right and left foot. Duerinck et al.
(205) studied forefoot deformation during forefoot loading in 40 normal subjects. They
studied forefoot width and metatarsal height changes during all phases of gait cycle
using a six-camera motion capture system and a RSscan pressure platform. Their
findings suggested that the transverse arch height increased as the forefoot narrowed.
This phenomenon can occur even though plantar pressure under the second and third
metatarsals increase during propulsion despite elevated second and third metatarsal
heights with forefoot narrowing. The increase in pressure may occur as a result of the
windlass mechanism when the intrinsic and extrinsic muscles contract, which results in
tightening of the plantar aponeurosis (35). This is in contrast to previous studies that
concluded that the transverse arch collapses during propulsion (15, 161, 223). Our
Emed results show higher peak pressures occur during the push off phase under second
and third metatarsals compared to the first, fourth and fifth metatarsals. Therefore,

based on our results and what has been described in the literature, as the foot
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dynamically narrows, the pressure under the second and third metatarsal should
increase during propulsion due to the forefoot becoming a much stiffer structure. This
relative increase in stiffness of soft tissue and fascia surrounding the nerve has been
implicated as a possible aetiological factor of MN (224). Perhaps a mechanism by
which splay foot may lead to forefoot pain is that the windlass mechanism described
above is prolonged leading to continued soft contracture which may injure the common
digital nerve. Based on our selection criteria we had excluded any patients with other

forefoot pain and deformities which may have included many subjects with splayfoot.

In conclusion, in our sample of MN and control subjects, we did not observe any
significant increase in bare-foot peak pressure and contact time measurements.
Similarly, there was no significant difference in width, length, foot progression angle,
arch index, and coefficient of spreading between the two groups. Future studies should
look at the plantar pressure and kinematic changes that occur from midstance to
propulsion in relation to transverse arch changes that may occur in patients diagnosed
with MN with a control group. The influence, if any, of different styles of footwear on
forefoot measurements, including plantar pressures, in subjects with MN is another

area of research that needs to be conducted.
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Chapter 7. General Discussion and Conclusions

7.0 Introduction

This research was undertaken to gain a better understanding of the aetiology of MN,
given the known gaps in the literature and possible impacts for clinical practice. An
epidemiological study of MN was conducted using nation-wide hospital admissions
data for Australia. Possible aetiologies for MN were also investigated using clinical
studies based on previous literature implicating foot type, ankle equinus, BMI, relative
metatarsal lengths, and plantar pressure measurements. This was the first study to
investigate rates of hospital admissions for MN. Review of the literature also revealed
a lack of case control studies that have investigated the association of foot type with
MN, or associations between ankle equinus, metatarsal length and barefoot plantar
pressure on MN formation. Similarly, the effect of BMI and geometrical parameters
such as forefoot width and coefficient of spreading on MN formation have received
only cursory investigation. This body of research was therefore aimed at addressing
fundamental aspects of MN epidemiology and aetiology with the overall goal of
assisting foot and ankle specialists to manage this condition. Currently, both
conservative and surgical management is targeted at relieving symptoms rather than

treating the cause of MN.

7.1 Hospital Admissions for Morton’s Metatarsalgia in Australia
(Chapter 3)

The specific aims of this study were to:

(1) Describe MN admissions by patient sex and age group, using International

Classification of Diseases, 10th Revision (ICD-10) diagnosis codes to
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interpret total population data extracted from Australian Institute of Health
and Welfare (AIHW)
(i) Measure the rate of admissions of MN in Australian hospitals

(iii)  Observe the ratio of female to male admissions.

7.1.1 Summary

Data were extracted for MN admissions to public and private hospitals across all
Australian states and territories from the Australian Institute of Health and Welfare
online database covering 1998 to 2008. The highest rate of admission for MN was
found amongst women in the 50-54 year age group. For men, the highest admission
rate was in the 55-59 year age group. Rates for every age group for the years 1998,
2001 and 2004 were determined. The highest rate in 1998 was in the 55-59 year age
category at 22.10 per 100,000; in 2001 the highest rate was in 60-64 year olds at 23.60
per 100,000; and in 2004 the highest rate was in 55-59 year olds at 21.54 per 100,000.
The rates for each of these three years varied slightly, however the female-to-male

ratio remained constant at approximately 3 to 1.

7.1.2 Discussion

The findings for this epidemiological study are generally in agreement with the
presentation of MN patients in daily practice. Most of the literature also reports that

presentation of MN is more common in middle aged women (64, 91, 103, 115, 225).

This is the first study to use the AIHW data system to assess the rates of hospital
admissions for MN across Australia. In addition, no study to date has reviewed large
sample sizes for MN admissions that may reflect the general population of a particular
country. Latinovic et al. (43) studied the rate of MN hospital admissions in England
based on data collected from 253 general practices in 2006 (n=866). The present study

investigated far more admissions (n=13,579) over a longer period (1998-2008).

Using Medicare scheduled item numbers from 1997 to 2006, a previous report showed
that 11,037 neurectomies were performed in Australia by medical practitioners (170).

86



The highest incidence of neurectomies was observed in the 55-64 age group, which is

also similar to the present findings.

7.1.3 Clinical Implications

Hospital admission information is important as it represents the more severe end of
MN and could help to determine the need for services and provide an estimate of the
cost of admissions. Knowledge of the affected age groups for hospital admissions
could also help to inform preventive care of MN. Data provided by the AIHW can also

help future studies of admissions for other foot and ankle pathologies.

7.1.4 Limitations

This study had the benefit of using total hospital admission data for Australia, however
the quality of results is limited by the accuracy of this data, which was collected for
administrative purposes and not validated for research. The study reflects the rate of
hospital admissions (both public and private ) for the surgical management of MN by
podiatric and orthopedic surgeons. However, it did not capture patients diagnosed with
MN in private or public clinics and hence does not reflect the true population incidence

and is likely to underestimate total morbidity.

7.1.5 Recommendations for future studies

Future epidemiological studies should investigate other factors associated with hospital
admissions, including comorbidities, health history and other demographic
characteristics such as socioeconomic factors. MN has been associated with
rheumatoid arthritis (70, 226) and other neuropathies such as that associated with
diabetes (227). These and other predisposing factors may in turn lead to additional

insights into the aetiology of MN.

7.1.6 Conclusions

The rate of hospital admission for MN is three times higher for women than men. For
both sexes, the rate of admission for MN was highest in the 50-60 year age category.
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This rate does not indicate the true prevalence of MN in Australia, but rather the rate of
hospital admission for surgery, which in turn is likely to represent cases that are

resistant to conservative treatment.

7.2 The Relationship between Foot Posture Index, Ankle Equinus,
Body Mass Index and Morton’s Neuroma (Chapter 4)

The aims of this study were to:

(i) Investigate for possible associations between foot type (as measured by FPI),

ankle equinus and BMI with the presence of MN

(if) Observe if a pronated and/or supinated foot predisposes to the formation MN, and

investigate the inter-metatarsal spaces affected by MN.
7.2.1 Summary

This research compared the foot posture, body mass index (BMI) and ankle
dorsiflexion of 68 subjects diagnosed with symptomatic MN with that of 32
asymptomatic control subjects. In addition, the effect of foot posture on the occurrence
of MN in the second and third interspaces was investigated. The Foot Posture Index
(FPI) was used to categorise foot posture, which has been demonstrated by previous
investigators to be reliable. Ankle dorsiflexion was measured using the Silverskiold
technique, which is commonly used by podiatrists in clinical practice. In summary, no
significant differences in FPI and BMI were observed relative to the MN interspaces
affected, or between cases and controls. MN subjects had significantly lower ankle

dorsiflexion measurements compared with control subjects.
7.2.2 Discussion

To our knowledge, this is the first case control study to investigate the effects of foot

type, BMI and ankle flexibility on MN formation. No relationship was found between
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foot posture and the occurrence of MN in a particular interspace. In the Framingham foot
study published in 2013, MN was not associated with either a specific foot posture or
function (173). Several authors have postulated that MN occurs more commonly in the
third interspace of a pronated foot due to hypermobility of the lateral column relative to
the medial column (5, 19, 63, 65, 228). However, this was not supported by the present
findings. Based on the subjects studied here, MN does not appear to be associated with a

particular foot type.

The second important finding was that patients with MN had significantly less
available ankle dorsiflexion compared to the control group. Ankle equinus has been
mentioned as a possible risk factor for MN (178, 229), however these opinions were

not based on case-control studies of patients with or without MN.

7.2.3 Clinical implications

The present results indicate that foot type is not associated with the formation of MN.
FPI is a valuable tool often used by podiatrists to assess the foot prior to orthotics
therapy (132, 230, 231). This finding has clinical relevance as the use of functional
foot orthosis for the management of MN is a common practice. Previously, Kilmartin
and Wallace reported that pronation and supination orthoses were unsuccessful in
relieving pain in 33 adult patients diagnosed with MN (68). However, since MN can
occur concomitantly with other forefoot disorders, it is reasonable that clinicians
prescribe functional foot orthotics to treat MN when there are signs and symptoms of

mechanical overload of the forefoot.

Based on the number of subjects studied here, the ankle dorsiflexion measurements were
significantly different between the MN and control subjects. Therefore, early treatment
of ankle equinus could be useful in the management of MN. Currently there are no

published calf stretching protocols relating to the treatment of MN.
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7.2.4 Limitations

One limitation of this study was that FPI is a static measurement and may not represent
a subject’s dynamic function during gait, given that MN symptoms occur mostly
during the propulsive phase of gait. However, some authors support the use of FPI as a
valid tool in predicting dynamic function of the foot during gait (131, 192). Secondly,
gender bias may have affected the results since 82% of participants were female.
However, there were no significant differences in mean ankle dorsiflexion
measurements between male and female subjects. Presentation with MN is more
common in women and their rate of hospital admission in Australia is three times

higher than that of males (193).

Another possible limitation of this study was the method by which ankle dorsiflexion
was measured. The measurement technique used here has previously been reported in
the literature as being unreliable (187, 188), although the intra-rater reliability in this
study was found to be high (ICC of 0.95).

7.2.5 Recommendations for future studies

Future studies should aim to investigate the effect of management of ankle equinus on
MN treatment. Amis, an orthopaedic surgeon in the USA, believes that calf stretching
can help to alleviate the symptoms of MN (personal communication) (232). A recent
systematic review by Young et al. maintained there was “some evidence to support the
efficacy of stretching with or without the concurrent use of ultrasound, diathermy,
diathermy and ice, heel raise exercises or warm up in increasing dorsiflexion range of
motion at the ankle joint in healthy individuals” (233). In view of the present findings
implicating an association between MN and reduced ankle dorsiflexion, the effect of

stretching to potentially reduce MN symptoms should be explored.

90



7.2.6 Conclusion

No relationship was found between foot type or BMI and MN, nor was there any
association between FPI and the interspace affected by MN. However, there was a

strong association between the presence of MN and restriction of ankle dorsiflexion.

7.3 Radiographic Analysis of Feet with and without Morton’s
Neuroma (Chapter 5)

The aims of this study were to:

(v) Assess the relative metatarsal length in subjects with and without MN to
determine whether a relative increase in the length of lesser metatarsals
and/or shortness of the first metatarsal is associated with MN

(vi)  Determine if patients with MN have an elevated first metatarsal compared to
a group of asymptomatic subjects

(vii)  Investigate whether increased intermetatarsal and hallux abductus angles
have an effect on MN formation

(viii) Correlate the digital divergence angle measured on x-ray with the size of MN

measured on ultrasound.
7.3.1 Summary

Numerous distance and angular measurements were made from weight-bearing
radiographs of all symptomatic and control subjects. There were no significant
differences in LIMA, HAV, IM, digital divergence angles or the relative metatarsal
lengths between MN and control subjects. No significant associations were found
between radiographic measurements and the interspace location of MN in symptomatic
subjects. Furthermore, no associations were observed between increased divergence of

the digits and increased diameter of MN.
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7.3.2 Discussion

Morton was the first to suggest an association between a short first metatarsal segment
and development of MN (75). A recent retrospective study of 100 asymptomatic
individuals without MN and 84 patients with a confirmed diagnosis of MN reported
the prevelance of a short first metatarsal to be 63% (234). However, the authors of this
work did not provide details of the radiographic method they used to assess metatarsal
length. Measurement of the first and second metatarsal lengths using the three most
common methods (Coughlin, Maestro and Hardy and Clapham) has been reported to
be quite variable (133). The Maestro technique used in the present study has been
validated for high reliability and no significant differences in metatarsal length were
found between symptomatic subjects and controls. Similar to the present finding,
Grebing and Coughlin used the Hardy and Clapham technique and also found no
correlation between shortness of the first metatarsal and hypermobility of the first ray
in all groups investigated (74). Although it has been speculated that a short first
metatarsal may be a causative factor in the development of primary metatarsalgia , the
results of the present study suggest that MN is not related to a short first metatarsal

segment, as initially suggested by Morton.

The relative lesser metatarsal lengths of MN subjects and controls were compared here
in order to assess their importance in the formation of MN, as proposed by Park et al.
(10). These authors suggested that nerve compression by the adjacent metatarsal heads
was the primary aetiology of MN formation and recommended shortening the longer
metatarsal of an affected interspace. Bauer et al. also hypothesized that
“hyperpressure” of the metatarsal heads may be responsible for the pathogenesis of
MN (18). At the time of performing the current research there were no published
case-control studies that compared relative metatarsal lengths of subjects with and
without MN. The present study used radiographic measurements as described by
Maestro et al. in order to explore the rationale of performing lesser metatarsal
osteotomies for MN. No significant differences in the relative lengths of lesser
metatarsals between the feet of MN and control subjects were found. Based on these
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findings, it is therefore difficult to justify performing lesser metatarsal shortening

osteotomies as a routine procedure in the management of MN.

Similarly, no significant differences were observed between the MN and control
groups for first ray elevation as measured on a weight-bearing lateral radiograph.
Roukis reported LIMA measurements of MN patients (n=50) and compared them to
patients with hallux rigidus, hallux valgus or plantar fasciitis (204). They found that
LIMA in patients with hallux rigidus was significantly greater than in other groups,
including MN. Horton et al. also measured first ray elevation using a different
technique in subjects with hallux rigidus (n=146), asymptomatic controls (n=50) or
MN (n=64) (80). They reported no differences between the groups with respect to
elevation of the first metatarsal head. Based on review of the literature and the present
findings, there appears to be no significant relationship between MN and first ray

elevatus.

In addition, no correlation was found between digital divergence and increased size of
MN as measured by ultrasound examination. Fourteen cases in two interspaces were
excluded from this investigation and this may have affected the power of the study.
The incidence of MN in adjacent interspaces has been reported to be high by Valero et
al. in a study of 279 feet (235). These workers found that 97 (34.8%) of feet had single

neuromas and 182 (65.2%) had multiple neuromas.

7.3.3 Clinical implications

Both Park et al. (10) and Bauer et al. (18) advocated metatarsal shortening osteotomies
for the surgical management of MN. Based on the present findings and in the absence
of any abnormal metatarsal parabola, we do not recommed metatarsal shortening
osteotomy for the routine surgical management of MN. It is important that clinicians
differentiate the main cause of pain in the forefoot by performing a thorough patient
history, physical examination and relevant diagnostic tests prior to considering any
surgical intervention. The MN subjects in this study had no other causes of forefoot
pain and no significant differences were found in the radiographic measurements
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between groups. However, subjects with symptomatic HAV deformities were not
included in this study and hence it remains possible this deformity may still influence

the development of MN.

7.3.4 Limitations

A limitation of measuring LIMA is that the weight bearing lateral view depicts the
static foot that approximates midstance (80). The pathological forces in MN are most
likely caused during propulsion when maximum force is applied to the forefoot.
During initial and final propulsion, strong forces are applied to the metatarsal heads
(205). Another limitation of the study was that the size of MN was estimated using
ultrasound examination and hence may not be precise. Finally, for the single interspace
and digital divergence analyses, the sample size and therefore statistical power was
reduced because 20% of subjects had occurrences of MN in more than one interspace

and were therefore excluded.

7.3.5 Recommendations for future studies

Future studies should ideally investigate a greater number of subjects for radiographic
parameters in a single affected interspace. The radiographs reflect the foot during the
mid-stance, but this may not provide an accurate representation of the position of the
metatarsals during propulsion when the nerve is most likely being stretched or
impinged. The possible impact of HAV deformity on the development of MN also

requires careful investigation.

7.3.6 Conclusion

The current research failed to demonstrate any significant relationships between
metatarsal length, IM, HAV and MN formation in symptomatic MN subjects compared
to a control group. Therefore, based on these results and in the absence of an irregular
lesser metatarsal parabola, it is difficult to justify metatarsal shortening for the routine
surgical treatment of MN. Moreover, this research found no correlation between the
size of MN measured using ultrasound images and radiographic evidence of digital
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divergence. Lastly, no relationship was found between first ray elevatus or relative
length of the first metatarsal and the presence of MN. This result does not support

Morton’s early thoughts on the aetiology of MN.

7.4 Plantar Pressure Measurements and Geometrical Analysis of

Patients with and without Morton’s Neuroma (Chapter 6)
The aims of this study were to:

(i) Investigate peak pressure, pressure time integrals and contact time of patients with

and without MN

(if) Investigate geometrical factors such as forefoot width, foot length, coefficient of

spreading, and angle of gait with and without MN

(iii) Determine if there is any correlation between an increase in peak pressure in the

forefoot with increase in coefficient of spreading.
7.4.1 Summary

Dynamic peak plantar pressures, contact time, pressure time integrals, forefoot width,
foot length, coefficient of spreading and arch index data were extracted using an
Emed- x® platform on 61 subjects diagnosed with MN and on 31 control subjects. In
addition, the association between coefficient of spreading of the forefoot and an

increase in peak pressures in subjects with MN was investigated.
7.4.2 Discussion

There were no significant differences in peak pressure, contact time, and pressure-time
integrals under the metatarsal heads of patients with or without MN. A previous study
reported that increased length of the lesser metatarsals was not correlated with
increased peak pressures under metatarsal heads in subjects with mechanical or
primary metatarsalgia (202). Based on results obtained in bare-footed subjects, the
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effects of peak pressure, pressure-time integral and contact time were not related to the
presence of MN in the current study. In addition, this research did not find any
significant associations between the presence of MN and foot length, forefoot width,
coefficient of spreading, arch index or foot progression angle. With regard to forefoot
width, these findings are similar to those of Park et al. who examined forefoot width

and forefoot width:length ratios radiographically (216).

The present study found no significant difference between the arch index of cases and
controls, thus supporting our earlier findings using the Foot Posture Index (FPI) to
compare foot type with the presence of MN (Chapter 4 and (220)). Although FPI is a
static measurement of foot type, no difference was observed in the arch index measure
based on the dynamic plantar pressure measurement system. Based on this study, we
therefore conclude that foot type may not be the sole predisposing factor in the

pathogenesis of MN.

Splayfoot has been associated with metatarsalgia by numerous authors (15, 16, 163,
215). As the forefoot collapses in propulsion, the pressure in the central metatarsals is
thought to increase (15). No such correlation was found here between the coefficient of
spreading and peak pressure in the forefoot. To the contrary, a significant weak inverse
relationship was observed between the coefficient of spreading and peak pressures
under the second and third metatarsals of the right and left feet. Duerinck et al. (205)
studied forefoot deformation during forefoot loading in 40 normal subjects. They
studied forefoot width and metatarsal height changes during all phases of the gait cycle
using a six-camera motion capture system and an RSscan pressure platform. Their
findings suggest that transverse arch height increases as the forefoot narrows. This
phenomenon can occur even though plantar pressure under the second and third
metatarsals increases during propulsion, despite elevated second and third metatarsal
heights with forefoot narrowing. The increased pressure may occur as a result of the
windlass mechanism when the intrinsic and extrinsic muscles contract, resulting in
tightening of the plantar aponeurosis (35). This contrasts with previous studies that
concluded the transverse arch collapses during propulsion (15, 161, 223). The present

96



Emed results show that higher peak pressures occur during the push-off phase under
the second and third metatarsals compared to the first, fourth and fifth metatarsals.
Based on the present results and reports in the literature, we therefore conclude that as
the foot dynamically narrows, the pressure under the second and third metatarsal
increases during propulsion due to the forefoot becoming much stiffer. This relative
increase in stiffness of the soft tissue and fascia surrounding the nerve has been
implicated as a possible aetiological factor for MN (224). A possible mechanism by
which splayfoot leads to forefoot pain is that the windlass mechanism is prolonged,
thus leading to continued soft tissue contracture which may injure the common digital
nerve. The selection criteria used in this study may have resulted in the exclusion of
subjects with other forefoot pain and deformities that included some individuals with

splayfoot.

7.4.3 Clinical implication

This study is the first to investigate plantar pressure parameters under lesser metatarsal
heads in patient with MN and was performed to test the “hyper-pressure” theory
proposed by Bauer et al. (18). Based on the findings, we again do not recommend
percutaneous shortening and dorsiflexory osteotomies as surgical treatment for MN
and as proposed by Bauer, in the absence of other problematic forefoot deformities.
Similarly, these results question the validity of using insoles or orthoses designed to

deflect pressure from the metatarsal heads of an affected interspace.

7.4.4 Limitations

A potential limitation of this study is that it was only possible to mask under the
metatarsal heads of the forefoot to measure peak pressure, and not in the actual
interspace between the metatarsal heads of the affected nerve. As plantar pressure
measurement technology improves, it may become possible to isolate the small
intermetatarsal spaces for measurement rather than the metatarsal heads. In addition,
the effect of ankle equinus to increase in forefoot pressure was not assessed. Previous
studies masked the whole forefoot to study the effect of ankle equinus (58, 59).
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Orendurff et al. (59) found that despite a statistically significant relationship between
decreased ankle flexibility and increased peak plantar forefoot pressures during
walking, the relationship was weak (R?*=0.149). This suggests that other factors in
addition to the indirect effect of ankle equinus, such as forefoot stiffness, may also play

a role in increasing forefoot pressures.
7.4.5 Recommendations for future studies

Future studies should investigate in-shoe plantar pressure measurements using the
Pedar® system or similar, to assess the effects of different footwear on plantar pressure
in the forefoot. Shoe selection may be a major predisposing factor in the formation of
MN and perhaps an important reason why MN is more common in the female

population.

7.4.6 Conclusions

No significant differences between MN and control subjects were apparent in peak
pressures of all masked areas and pressure-time-integrals under metatarsal 2-4 heads.
Once again, based on the results of this study it is difficult to recommend shortening

and/or dorsiflexory osteotomies for routine surgical management of MN.

No significant differences were observed between MN and control subjects for
geometrical measurements of forefoot length, width, coefficient of spreading and arch
index and increased pressure under the central metatarsals. This questions the notion
that the transverse forefoot arch at the level of metatarsal heads collapses as a result of

forefoot widening during propulsion.

7.5 Overall Synthesis

This research was conducted to further investigate the actiology of Morton’s neuroma
as the literature was inconclusive. An epidemiological study was conducted to observe
the trends of hospital admissions of MN patients in Australia. A series of clinical
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studies were performed in order to test the commonly proposed aetiologies for MN. A
pronated foot type (18, 25) and a cavus foot type (8) have both been implicated as
possible aetiologies for MN. However, no study had yet investigated the possible effect
of foot type using a reliable method such as FPI (130, 132, 236, 237) in subjects with
and without MN. Moreover, even though ankle equinus has previously been implicated
as a risk factor for MN (12, 14), no case-control studies had investigated this factor.
The Silverskiold technique (14), used routinely in podiatric practice to assess the foot
biomechanically prior to implementing orthotic therapy was used to measure for the
presence of ankle equinus. In the subjects studies no association was found between
foot type and MN. However, the presence of ankle equinus was a significant finding in
MN subjects compared to controls and future studies should investigate the effect of

the management of ankle equinus in the treatment of MN.

Abnormal metatarsal parabola has been implicated as a possible cause of MN (10).
However, no significant differences in the relative lengths of all metatarsals were
found in this study. Results for other factors such as first ray elevation as measured by
LIMA and shortness of the first metatarsal found no association with the presence of

MN, which agree with the findings of previous published studies (238) (74).

Peak plantar pressure and pressure-time intergral measurements were not significantly
different between MN and control subjects in this study. This questions the
hyperpressure theory for the pathogenesis of MN proposed by Bauer et al. (18). Based
on the findings presented in this thesis, metatarsal shortening and/or dorsiflexory
osteotomies cannot be recommended for the surgical management of MN in the

absence of abnormal metatarsal parabola or other associated conditions of the forefoot.

This research suggests the aetiology of MN is likely to be multifactorial. We also
believe that this is an acquired condition that may become symptomatic requiring
admission to hospital for surgical excision. In the epidemiology study we found that
the rate of admissions among men and women were highest in 50-60 age category and

three times more common in women. The rate of admissions in the 60+ age category
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declines, possibly because of decreasing mobility and increasing co-morbidity making
them a less likely surgical candidate. In after 20-year age category we observed an
increasing trend of hospital admissions in keeping with the acquired nature of the

condition.

We believe it is likely that a combination of external factors such as occupation,
plantar fat pad thickness, shoe gear and biomechanical influences such as ankle
equinus may all have a role in the formation of MN. The fact that women had the
highest rate of admissions implies that shoe gear is an important factor in the aetiology
of MN. Indeed, the habitual wearing of high heel shoes can in itself induce an ankle
equinus deformity that in turn may induce the formation of MN. The increased
stiffness in the forefoot occurs as a result of direct forces produced by the “split second
effect”, as explained recently by Amis (52). The thickening of fascia connected to the
deep transverse metatarsal ligament proximally and overlying the intrinsic muscles of
interossei and lumbricale may traumatize and entrap the common digital nerve when it
passes through the intermetatarsal tunnel surrounded by deep fascia and adjacent
metatarsals. The deep fascia overlying the intrinsics such as lumbricales further
become stiff and thickened as a result of lesser metatarsal phalangeal joints continously
remaining in a hyper-extended position when in high heel shoes. The lumbrical muscle
and tendon are in close proximity to the common digital nerve which may brush over

the nerve leading to its traumatisation and entrapment.

Aging is also known to decrease the amount of fibro-adipose tissue, or the ‘fat pad’ of
the foot (199). The physiological effects of aging (239, 240) that induce forefoot
pathology (224) may also be important co-factors. Morton’s neuroma may well be
associated with the presence of foot pathology that were excluded from this study.
Anecdotally, it is common in clinical practice to see patients with MN present with
other forefoot pathologies such as hallux valgus. However, the prevelance of MN and

such structural forefoot deformities is not known and is deserving of further study.
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A potential limitation of the research was the reliance on history, physical examination
and ultrasound results to diagnose subjects with MN. Histopathology results could not
be used to confirm the diagnosis of MN because most patients did not undergo surgery
during the period of investigation. However, previous studies confirm that clinical and

ultrasound examination provide an accurate means of diagnosing MN (84).

7.6 Conclusions

This research found that Australian hospital admissions for MN in the period studied

occurred more commonly in women and in the 50-55 year age category.

The research did not find any relationship between the presence of MN and several
measurable factors such as foot type, lesser metatarsal parabola, first metatarsal
saggital position or barefoot metatarsal dynamic pressures. However, the presence of

ankle equinus was a significant finding between the MN and asymptomatic groups.

From a clinical viewpoint, this research suggests that metatarsal osteotomies are a
questionable surgical technique for the treatment of MN in comparison to the more
traditional approach of surgical excision. This research also raises the need to question
ankle equinus management as a treatment for MN. Future studies should investigate
the effect of calf stretching on symptomatic MN, as well as the influence of footgear as
an aetiological factor for MN. This work also provides baseline data for undertaking
future epidemiological studies, potentially strengthened by large sample clinical

measures, as informed by this work.

101



References

1. Amis JA, Silverhus SW, Liwnicz BH. An anatomical basis
for recurrence after Morton's Neuroma excision. Foot Ankle.
1992;13:153-6.

2. Baleanu PM, Ragonesi FP, Arcioni R, Pelagalli L, Ronconi P.
Endoscopic decompression in the treatment of Morton's neuroma.
Chirurgia del piede. 2001;25(2):85-91.

3. Thomson CE, Gibson JN, Martin D. Interventions for the
treatment of Morton's neuroma. Cochrane Database Systematic
Reviews. 2004(3):Cd003118.

4. Morton D. The human foot; its evolution, physiology and
functional disorders. New York: Columbia University Press;
1935.

5. Hassouna H, Singh D. Morton's metatarsalgia: pathogenesis,
aetiology and current management. Acta Orthop Belg.
2005;71(6):646.

6. Morton DJ. Structural factors in static disorders of the foot.
The American Journal of Surgery. 1930;9(2):315-28.

7. Graham CE, Graham DM. Morton's Neuroma: A Microscopic

Evaluation. Foot Ankle Int. 1984;5(3):150-3.

102



8. Pazzaglia U, Moalli S, Leutner M, Gera R. Morton's neuroma:
an immunohistochemical study. The Foot. 1996;6(2):63-5.

9. Keh R, Ballew K, Higgins K, Odom R, Harkless L.
Long-term follow-up of Morton's neuroma. J Foot Surg.
1992;3:pp. 93-5.

10.Park EH, Kim YS, Lee HJ, Koh YG. Metatarsal Shortening
Osteotomy for Decompression of Morton’s Neuroma. Foot
Ankle Int. 2013;34(12):1654-60.

11.Root ML, Orien WP, Weed JH, Hughes RJ. Clinical
Biomechanics: Normal and abnormal function of the foot. 1st ed.
Los Angeles, California: Clinical biomechanics corporation;
1977.

12.Barrett SL, Jarvis J. Equinus deformity as a factor in forefoot
nerve entrapment: treatment with endoscopic gastrocnemius
recession. J Am Podiatr Med Assoc. 2005;95(5):464-8.
13.Digiovanni C, Kuo R, Tejwani N, Price R. Isolated
gastrocnemius tightness. J Bone Joint Surg Am.
2002;84(6):962-70.

14.Hill RS. Ankle equinus. Prevalence and linkage to common
foot pathology. J Am Podiatr Med Assoc. 1995;85(6):295-300.
15.Tschauner C, Kohlmaier W. Ultrasonographic evaluation of

the transverse metatarsal arch. Foot Ankle Surg. 1997;3(1):41-8.

103



16.Goldthwait JE. The Anterior Transverse Arch of the Foot: Its
Obliteration as a Cause of Metatarsalgia. Boston Med Surg J.
1894,;131(10):233-4.

17.Bagwe GM, Sammarco GJ, Magur GE, Sammarco GG. The
effects of unilateral gastrocsoleus recession. Foot Ankle Int.
2006;27(7):508-11.

18.Bauer T, Gaumetou E, Klouche S, Hardy P, Maffulli N.
Metatarsalgia and Morton's Disease: Comparison of Outcomes
Between Open Procedure and Neurectomy Versus Percutaneous
Metatarsal Osteotomies and Ligament Release With a Minimum
of 2 Years of Follow-Up. J Foot Ankle Surg. 2015;54(3):373-7.
19.Tate R, Rusin J. Morton's neuroma: its ultrastructural
anatomy and biomechanical etiology. J Am Podiatr Med Assoc.
1978;68(12):797-807.

20.Adams W. Morto's neuroma. Clin Podiatr Med Surg.
2010;27(4):535-45.

21.Klenerman L. (v) Nerve compression in the foot. Curr Orthop.
2001;15(4):275.

22.Lillmars SA, Tomaszewski DJ. Metatarsalgia, lesser-toe
deformity and sesamoid disorders. Curr Opin Orthop.

2006:17(2):129-33.

104



23.Beggs TI, Oliver TT. Ultrasound in the assessment of
metatarsalgia: a surgical and histological correlation. Clin Radiol.
1998;53(4):287-9.

24.Bacchini SP, Ceccarelli SF, Vannini SF, Giannini SS.
Interdigital neuroma: Clinical examination and histopathologic
results in 63 cases treated with excision. Foot Ankle Int.
2004;25(2):79-84.

25.Cohen HH. Morton's metatarsalgia: Interdigital neuroma. The
American Journal of Surgery. 1952;83(2):209-11.

26.Decherchi P, Decherchi P. Métatarsalgie de Thomas George
Morton. La Presse Medicale. 2007;36(7):1098-103.

27.Zelent ME, Kane RM, Neese DJ, Lockner WB, Zelent ME,
Kane RM, et al. Minimally invasive Morton's intermetatarsal
neuroma decompression. Foot Ankle Int. 2007;28(2):263.
28.Dockery GL. The treatment of intermetatarsal neuromas with
4% alcohol sclerosing injections. J Foot Ankle Surg.
1999;38(6):403-8.

29.Grace T, Sunshein K, Jones R, Harkless L. Metatarsus
proximus and digital divergence. Association with
intermetatarsal neuromas. J Am Podiatr Med Assoc.

1993:83(7):406-11.

105



30.Nilson RZ, Thul JR, Wachter SD. The relationship between
foot structure and intermetatarsal neuromas. The Journal of foot
surgery. 1984;23(6):436-9.

31.Karabalis C, Stamatis ED. Interdigital neuromas: current state
of the art. Foot and ankle clinics. 2004;9(2):287-96.

32.Bakkum BW, Darby SA, Frank PW. The communicating
branch of the lateral plantar nerve: A descriptive anatomic study.
Clin Anat. 1996;9(4):237-43.

33.Bilge O, Ozer MA, Govsa F. Anatomical study of the
communicating branches between the medial and lateral plantar
nerves. Surg Radiol Anat. 2005;27(5):377-81.

34.Pfirrmann NC, Chung NC, Mohana-Borges NA, Haghighi NP,
Trudell ND, Resnick ND, et al. Intermetatarsal spaces: Analysis
with MR bursography, anatomic correlation, and histopathology
in cadavers. Radiology. 2001;221(2):478-84.

35.Stainsby GG. Pathological anatomy and dynamic effect of the
displaced plantar plate and the importance of the integrity of the
plantar plate deep transverse metatarsal ligament tie-bar. Ann R
Coll Surg Engl. 1997;79(1):58-68.

36.Thorogood JM, Marks JS, Juszczak JE, Dodd JC, Lavis JG,

Fitzpatrick JR, et al. The prevalence of foot problems in older

106



women: a cause for concern. J Public Health Med.
2002;24(2):77-84.

37.Kretzmann H, Price JL, Brantingham JW, Globe G, Govender
N. A single-blinded randomized placebo-controlled clinical trial
of manipulation and mobilization in the treatment of Morton's
neuroma. Journal of the American Chiropractic Association.
2007;44(3):8.

38.Konstantoulakis C, Hyder NU, Sapherson DA, Irwin LR.
Ultrasound in the diagnosis of Morton's neuroma. The Foot.
2000;10(4):186-9.

39.Khan Am EE, Hutchinson Ce EE, Maxwell Ha EE, George
Va EE. Morton's neuroma: the role of MR scanning in diagnostic
assistance. The Foot. 2005;15(1):14.

40.Jerosch Jea. Results after Morton's Neuroma resection via
plantar approach. J Foot Ankle Surg. 2005;12(3):133-7.

41.1oli JP, Chiodo CP, Singh SK. The surgical treatment of
Morton's neuroma. Curr Orthop. 2005;19(5):379-84.
42.Bygrave CJ, Betts RP, Smith TWD, Jones S. Morton's
neuroma: a sonographic-surgical evaluation. The Foot.
1999;9(4):189.

43.Latinovic R, Gulliford MC, Hughes RAC. Incidence of

common compressive neuropathies in primary care. Journal of

107



Neurology, Neurosurgery &amp;amp; Psychiatry.
2006;77(2):263.

44 .Peters P, Adams S, Schon L. Interdigital neuralgia. Foot and
Ankle Clinics. 2011;16(2):305-15.

45.Mann RA, Reynolds JC. Interdigital Neuroma—A Critical
Clinical Analysis. Foot Ankle Int. 1983;3(4):238-43.
46.Hassouna HZ, Singh D. The variation in the management of
Morton's Metatarsalgia. The Foot. 2005;15(3):149-53.
47.Gauthier G. Thomas Morton's disease: a nerve entrapment
syndrome. A new surgical technique. Clin Orthop Relat Res.
1979(142):90-2.

48.Larson EE, Barrett SL, Battiston B, Jr CTM, Dellon AL.
Accurate Nomenclature for Forefoot Nerve Entrapment. J Am
Podiatr Med Assoc. 2005;95(3):298-306.

49.Mulder JD. The causative mechanism in morton's
metatarsalgia. The Journal of bone and joint surgery British
volume. 1951;33(1):94-5.

50.Kim J, Choi J, Park J, Wang J. An anatomical study of
Morton's interdigital neuroma: the relationship between the
occuring site and the deep transverse metatarsal ligament

(DTML). Foot Ankle Int. 2007;28(9):1007-10.

108



51.Betts RP, Bygrave CJ, Jones S, Smith TWD, Flowers MJ,
Betts RP, et al. Ultrasonic diagnosis of Morton’s neuroma: a
guide to problems, pointers, pitfalls and prognosis. The Foot.
2003;13(2):92-9.

52.Amis J. The Split Second Effect: The Mechanism of How
Equinus Can Damage the Human Foot and Ankle. Frontiers in
Surgery. 2016;3.

53.Saxena A, Di Giovanni C. Ankle equinus and endoscopic
gastrocnemius recession2011. 323-39 p.

54.Van Gils C, Roeder B. The effect of ankle equinus upon the
diabetic foot. Clin Podiatr Med Surg. 2002;19(3):391.
55.Armstrong D, Stacpoole-Shea S, Nguyen H, Harkless L.
Lengthening of the Achilles tendon in diabetic patients who are
at high risk for ulceration of the foot. J Bone Joint Surg.
1999;81(4):535-8.

56.Bus SA, Maas M, de Lange A, Michels RPJ, Levi M.
Elevated plantar pressures in neuropathic diabetic patients with
claw/hammer toe deformity. J Biomech. 2005;38(9):1918-25.
57.Harkless LB, Armstrong DG, Stacpoole-Shea S, Nguyen H,
Harkless LB. Lengthening of the achilles tendon in diabetic

patients. J Bone Joint Surg. 2000;82(10):1510.

109



58.Lavery LA, Armstrong DG, Boulton AJM. Ankle equinus
deformity and its relationship to high plantar pressure in a large
population with diabetes mellitus. J Am Podiatr Med Assoc.
2002;92(9):479.

59.0rendurff M, Rohr E, Sangeorzan B, Weaver K, Czerniecki J.
An equinus deformity of the ankle accounts for only a small
amount of the increased forefoot plantar pressure in patients with
diabetes. J Bone Joint Surg. 2006;88(1):65-8.

60.Clinical biomechanics of the lower extremities. Valmassy RL,
editor. St. Louis: Mosby; 1996.

61.Emed.Novel.de. [Available from:

http://novel.de/novelcontent/newsflash-2009/18-products-novel/e

med.

62.Nashi M, Venkatachalam AK, Muddu BN. Review of
Morton's neuroma. The Foot. 1995;5(4):165-6.

63.Wu K. Morton's interdigital neuroma: a clinical review of its
etiology, treatment, and results. J Foot Ankle Surg.
1996;35(2):112-9.

64.Coughlin MJ. Mann's Surgery of the Foot and Ankle. 9th ed.
ed. Saltzman CL, Mann RA, editors. London: London : Elsevier

Health Sciences; 2013.

110



65.Jarde O. Morton's metatarsalgia. Foot Ankle Surg.
1998;4(4):187-91.

66.Jarde O, Trinquier JL, Filloux JF, Tran Van F, Vives P.
Traitement du nevrome de Morton par neurectomie: apropos de
43 observations. Rev Chir Orthop. 1995;2:142-6.

67.Abassian A, Pomeroy G. The idiopathic cavus foot-Not so
subtle after all. Foot Ankle Clin N America. 2013;18:629-42.
68.Kilmartin TE, Wallace WA. Effect of pronation and
supination orthosis on Morton's neuroma and lower extremity
function. Foot  Ankle Int. 1994;15(5):256-62.

69.Bossley CJ, Cairney PC. The intermetatarsophalangeal
bursa--its significance in Morton's metatarsalgia. J Bone Joint
Surg Br. 1980;62-B(2):184.

70.Kruljac SJ, DiStazio JJ, Bastacky S, Zielaskowski LA.
Multiple Neuromas Coexisting with Rheumatoid Synovitis and a
Rheumatoid Nodule. J Am Podiatry Assoc. 2000;90(5):252-5.
71.Nissen Kl, Nissen KI. Plantar digital neuritis; Morton's
metatarsalgia. The Journal of bone and joint surgery British
volume. 1948;30B(1):84.

72.Hingertz N, Hingertz L, Unander-Scharin L, Hingertz N,

Hingertz L, Unander-Scharin L, et al. Morton's disease: A

111



clinical and patho-anatomical study. Acta Orthop.
1950;19(3):327-48.

73.Christensen JC, Jennings, Meagan M Normal and
Abnormal Function of the First Ray. Clin Podiatr Med Surg.
2009;26(3):355-71.

74.Coughlin BM, Grebing BB. Evaluation of Morton's theory of
second metatarsal hypertrophy. Journal of bone and joint surgery
American volume. 2004;86A(7):1375-86.

75.Morton DJ. Metatarsus atavicus: The identification of a
distinctive type of foot disirder. J Bone Joint Surg.
1927;9:531-44.

76.Hardy RH, Clapham JCR, Hardy RH, Clapham JCR.
Observations on hallux valgus; based on a controlled series. The
Journal of bone and joint surgery British volume.
1951;33-B(3):376.

77.Breusch SJM, Sharp RIFM, Wenz WM, Taylor LJF. Morton's
neuroma following first metatarsal osteotomy. Orthopedics.
1998;21(12):1287-8.

78.Maestro M BJ, Ragusa M, Berthonnaud E. Forefoot
morphotype study and planning method for forefoot osteotomy.

Foot Ankle Clin. 2003;8(4):695-710.

112



79.Van Beek C, Greisberg J. Mobility of the First Ray: Review
Avrticle. Foot Ankle Int. 2011;32(9):917-22.

80.Horton GA, Park Y-W, Myerson MS. Role of Metatarsus
Primus Elevatus in the Pathogenesis of Hallux Rigidus. Foot
Ankle Int. 1999;20(12):777-80.

81.Bryant A, Mahoney B, Tinley P. Lateral intermetatarsal angle:
A useful measurement of metatarsus primus elevatus? J Am
Podiatry Assoc. 2001;91(5):251-4.

82.Intelerad 2015 [Available from:

http://www.intelerad.com/en/company/about-us/.

83.Jeong CE, Freivalds CA, Lee CC. Biomechanical effects of
wearing high-heeled shoes. Int J Ind Ergon. 2001;28(6):321-6.
84.Sharp RJ, Wade CM, Hennessy MS, Saxby TS. The role of
MRI and ultrasound imaging in Morton’s neuroma and the effect
of size of lesion on symptoms. Journal of Bone & Joint Surgery,
British Volume. 2003;85-B(7):999-1005.

85.Mahadevan D, Venkatesan M, Bhatt R, Bhatia M. Diagnostic
Accuracy of Clinical Tests for Morton's Neuroma Compared
With Ultrasonography. J Foot Ankle Surg. 2015;54(4):549-53.
86.Thomas JL, Blitch EL, Chaney DM, Dinucci KA, Eickmeier

K, Rubin LG, et al. Diagnosis and Treatment of Forefoot

113



Disorders. Section 3. Morton's Intermetatarsal Neuroma. J Foot
Ankle Surg. 2009;48(2):251-6.

87.Rowley GEFabDl. (iv) Metatarsalgia. Curr Orthop.
2002;16(3):193.

88.Pastides P, El-Sallakh S, Charalambides C. Morton's neuroma:
A clinical versus radiological diagnosis. Foot Ankle Surg.
2012;18(1):22-4.

89.Greiss M, Cloke D. The digital nerve stretch test: A sensitive
indicator of Morton's neuroma and neuritis. Foot Ankle Surg.
2006;12(4):201.

90.Saragas NP. Hydrocortisone/local anaesthetic injection versus
ultrasound in the diagnosis of interdigital neuroma. Foot Ankle
Surg. 2006;12(3):149-51.

91.Del Borrello LM, Cipriano LR, Cavallo LA, Volpe LA, Perini
LL. Dynamic sonography of the forefoot in Morton's syndrome:
correlation with magnetic resonance and surgery. Radiologia
medica. 2006;111(7):897-905.

92.Bignotti B, Signori A, Sormani MP, Molfetta L, Martinoli C,
Tagliafico A. Ultrasound versus magnetic resonance imaging for
Morton neuroma: systematic review and meta-analysis. Eur

Radiol. 2015;25(8):2254-62.

114



93.Kasparek M, Schneider W. Surgical treatment of Morton's
neuroma: clinical results after open excision. Int Orthop.
2013;37(9):1857-61.

94.Symeonidis PD, Iselin LD, Simmons N, Fowler S,
Dracopoulos G, Stavrou P. Prevalence of Interdigital Nerve
Enlargements in an Asymptomatic Population. Foot Ankle Int.
2012;33(7):543-7.

95.Wayne SBaSSL. Surgical treatment of interdigital neuroma.
Oper Tech Orthop. 1999;9(1):55.

96.Mas SM, Pi JF, Aramburo F, Diez EM. Comparative results
of two different techniques in the treatment of the Morton's
neuroma. The Foot. 1999;9(3):134-7.

97.Saygi B, Yildirim Y, Saygi EK, Kara H, Esemenli T, Saygi B,
et al. Morton neuroma: comparative results of two conservative
methods. Foot Ankle Int. 2005;26(7):556.

98.Makki D, Haddad BZ, Mahmood Z, Shahid MS, Pathak S,
Garnham |, et al. Efficacy of Corticosteroid Injection versus Size
of Plantar Interdigital Neuroma. Foot Ankle Int.
2012;33(9):722-6.

99.Morgan P, Monaghan W, Richards S. A Systematic Review

of Ultrasound-Guided and Non-Ultrasound-Guided Therapeutic

115



Injections to Treat Morton's Neuroma. J Am Podiatr Med Assoc.
2014;104(4):337-48.

100. Mahadevan D, Attwal M, Bhatt R, Bhatia M, Mahadevan
D, Attwal M, et al. Corticosteroid injection for Morton's neuroma
with or without ultrasound guidance: a randomised controlled
trial. The bone & joint journal. 2016;98-B(4):498.

101. Fanucci E, Masala S, Fabiano S, Perugia D, Squillaci E,
Varrucciu V, et al. Treatment of intermetatarsal Morton’s
neuroma with alcohol injection under US guide: 10-month
follow-up. Eur Radiol. 2004;14(3):514-8.

102. Musson RE, Sawhney JS, Lamb L, Wilkinson A, Obaid H.
Ultrasound Guided Alcohol Ablation of Morton's Neuroma. Foot
Ankle Int. 2012;33(3):196-201.

103. Pasquali C, Vulcano E, Novario R, Varotto D, Montoli C,
Volpe A, et al. Ultrasound-Guided Alcohol Injection for
Morton’s Neuroma. Foot Ankle Int. 2015;36(1):55-9.

104. Gurdezi S, White T, Ramesh P, Gurdezi S, White T,
Ramesh P. Alcohol Injection for Morton’s Neuroma. Foot Ankle
Int. 2013;34(8):1064-7.

105. Genon MP, Chin TY, Bedi HS, Blackney MC.
Radio-frequency ablation for the treatment of Morton's neuroma.

ANZ J Surg. 2010;80(9):583-5.

116



106. Chuter G, Chua Y, Connell D, Blackney M, Chuter G,
Chua Y, et al. Ultrasound-guided radiofrequency ablation in the
management of interdigital (Morton’s) neuroma. Skeletal Radiol.
2013;42(1):107-11.

107. Climent J, Mondéjar-Gémez F, Rodriguez-Ruiz C,
Diaz-Llopis I, Gomez-Gallego D, Martin-Medina P, et al.
Treatment of Morton Neuroma with Botulinum Toxin A: A Pilot
Study. Clin Drug Investig. 2013;33(7):497-503.

108. Campbell CM, Diamond E, Schmidt WK, Kelly M, Allen
R, Houghton W, et al. A randomized, double-blind,
placebo-controlled trial of injected capsaicin for pain in Morton's
neuroma. Pain. 2016;157(6):1297.

109. Stephen LB. Endoscopic Nerve Decompression. Clin
Podiatr Med Surg. 2006;23(3):579.

110. Barrett SL. Endoscopic Nerve Decompression. Clin
Podiatr Med Surg. 2006;23(3):579-95.

111. Stecco C, Fantoni I, Biz C, De Caro R. Role of fasciae in
Civinini-Morton's neuroma. Ital J Anat Embryol. 2014;119(1):1.
112. Catani O, Corrado G, Sergio F, Zappia M, D’ Apice A.
Our experience in the surgical treatment of Morton’s
metatarsalgia with a minimally invasive surgery technique.

Médecine et Chirurgie du Pied. 2015;31(1):23-31.

117



113. Singh D, Hassouna HZ. The variation in the management
of Morton's Metatarsalgia. The Foot. 2005;15(3):149-53.

114. Richardson DR, Dean EM. The Recurrent Morton
Neuroma: What Now? Foot and Ankle Clinics of North America.
2014;19(3):437-49.

115. Jain S, Mannan K. The Diagnosis and Management of
Morton’s Neuroma: A Literature Review. Foot & Ankle
Specialist. 2013;6(4):307-17.

116. Coughlin MJ, Pinsonneault T. Operative treatment of
interdigital neuroma : A long-term follow-up study. J Bone Joint
Surg. 2001;83(9):1321-8.

117. Nery C, Raduan F, Del Buono A, Asaumi ID, Maffulli N,
Nery C, et al. Plantar approach for excision of a Morton neuroma:
a long-term follow-up study. The Journal of bone and joint
surgery American volume. 2012;94(7):654.

118. Habashy A, Sumarriva G, Treuting R, Habashy A,
Sumarriva G, Treuting R. Neurectomy Outcomes in Patients
With Morton Neuroma: Comparison of Plantar vs Dorsal
Approaches. The Ochsner Journal. 2016;16(4):471-4.

119. Akermark C, Crone H, Skoog A, Weidenhielm L. A

Prospective Randomized Controlled Trial of Plantar Versus

118



Dorsal Incisions for Operative Treatment of Primary Morton’s
Neuroma2013 September 1, 2013. 1198-204 p.

120. Okafor B, Shergill G, Angel J. Treatment of Morton's
Neuroma by Neurolysis. Foot Ankle Int. 1997;18(5):284-7.

121. Villas C, Florez B, Alfonso M, Villas C, Florez B,
Alfonso M. Neurectomy versus neurolysis for Morton's neuroma.
Foot Ankle Int. 2008;29(6):578.

122. Redmond A. The Foot Posture Index, Six Item version
FPI-6. User Guide and Manual. Leeds UK: University of Leeds;
2005.

123. Evans AM, Copper AW, Scharfbillig RW, Scutter SD,
Williams MT. Reliability of the foot posture index and
traditional measures of foot position. J Am Podiatr Med Assoc.
2003;93.

124. Redmond AC, Horton M, Conaghan PG, Tennant A,
Keenan AM. The Foot Posture Index: Rasch analysis of a novel,
foot-specific outcome measure. Arch Phys Med Rehabil.
2007;88(1):88-93.

125. Evans AM, Copper AW, Williams M, Scutter S, lasiello H,
Redmond A, et al. Criterion validation of four criteria of the Foot

Posture Index. J Am Podiatr Med Assoc. 2004;94(1):31.

119



126. Copper AW, Scharfbillig RW, Scutter SD, Williams MT,
Evans AM. Reliability of the foot posture index and traditional
measures of foot position. J Am Podiatr Med Assoc.
2003;93(3):203-13.

127. Keenan AM, Redmond AC, Horton M, Conaghan PG,
Tennant A. The Foot Posture Index: Rasch analysis of a novel,
foot-specific outcome measure. Arch Phys Med Rehabil.
2007,88.

128. Cornwall MW, McPoil TG, Lebec M, Vicenzino B,
Wilson J, Cornwall MW, et al. Reliability of the modified Foot
Posture Index. J Am Podiatr Med Assoc. 2008;98(1):7.

129. Landis JR, Koch GG, Landis JR, Koch GG. The
Measurement of Observer Agreement for Categorical Data.
Biometrics. 1977;33(1):159-74.

130. Cain LE, Nicholson LL, Adams RD, Burns J, Cain LE,
Nicholson LL, et al. Foot morphology and foot/ankle injury in
indoor football. J Sci Med Sport. 2007;10(5):311-9.

131. Chuter VH. Relationships between foot type and dynamic
rearfoot frontal plane motion. J Foot Ankle Res. 2010;3(9):9.
132. Barton CJ, Levinger P, Crossley KM, Webster KE, Menz
HB. Relationships between the Foot Posture Index and foot

kinematics during gait in individuals with and without

120



patellofemoral pain syndrome.(Research)(Report). J Foot Ankle
Res. 2011;4:10.

133. Chauhan D, Bhutta MA, Barrie JL. Does it matter how we
measure metatarsal length? Foot Ankle Surg. 2011;17(3):124-7.
134. Deleu P-A, Leemrijse T, Birch I, Berg BV, Bevernage BD.
Reliability of the Maestro Radiographic Measuring Tool. Foot
Ankle Int. 2010;31(10):884-91.

135. Charalambos I, Sophia P, Savvas L, Dimitris H. Plantar
pressure measurements of foot in Greek adult colleagues of a
technological institute. Journal of Physical Education and Sport.
2015;15(1):20-3.

136. Slim FJ, van Schie CH, Keukenkamp R, Faber WR, Nollet
F. Increased plantar foot pressure in persons affected by leprosy.
Gait Posture. 2012;35(2):218-24.

137. Hafer JF, Lenhoff MW, Song J, Jordan JM, Hannan MT,
Hillstrom HJ. Reliability of plantar pressure platforms. Gait
Posture. 2013;38(3):544-8.

138. Ellis S, Stoecklein H, Yu J, Syrkin G, Hillstrom H, Deland
J, et al. The Accuracy of an Automasking Algorithm in Plantar
Pressure Measurements. HSS Journal; the Musculoskeletal

Journal of Hospital for Special Surgery. 2011;7(1):57-63.

121



139. Bryant A, Singer K, Tinley P. Comparison of the
Reliability of Plantar Pressure Measurements Using the Two-step
and Midgait Methods of Data Collection. Foot Ankle Int.
1999;20(10):646-50.

140. Putti AB, Arnold GP, Cochrane LA, Abboud RJ, Putti AB,
Arnold GP, et al. Normal pressure values and repeatability of the
Emed ® ST4 system. Gait Posture. 2008;27(3):501-5.

141. Gurney JK, Kersting UG, Rosenbaum D, Gurney JK,
Kersting UG, Rosenbaum D. Between-day reliability of repeated
plantar pressure distribution measurements in a normal
population. Gait Posture. 2008;27(4):706-9.

142. Akins JS, Keenan KA, Sell TC, Abt JP, Lephart SM.
Test-retest reliability and descriptive statistics of geometric
measurements based on plantar pressure measurements in a
healthy population during gait. Gait Posture. 2012;35(1):167-9.
143. Yufridin W, Rezaul KB, Abdul Hadi Abdul R, Aladin Z,
Yufridin W, Rezaul KB, et al. Foot Plantar Pressure
Measurement System: A Review. Sensors. 2012;12(7):9884-912.
144. Hennig E. Pedobarograph assessment in gait analysis.
Physical Medicine and Rehabilitation. 2002;16(2):215.

145. Waldecker U. Metatarsalgia in hallux valgus deformity: A
pedographic analysis. J Foot Ankle Surg. 2002;41(5):300-8.

122



146. Bryant AR, Tinley P, Cole JH, Bryant AR, Tinley P, Cole
JH. Plantar pressure and joint motion after the Youngswick
procedure for hallux limitus. J Am Podiatr Med Assoc.
2004;94(1):22.

147. Bryant AR, Tinley P, Singer KP, Bryant AR, Tinley P,
Singer KP. Normal values of plantar pressure measurements
determined using the EMED-SF system. J Am Podiatr Med
Assoc. 2000;90(6):295.

148. Hills AP, Hennig EM, McDonald M, Bar-Or O. Plantar
pressure differences between obese and non-obese adults: a
biomechanical analysis. International Journal of Obesity and
Related Disorders. 2001;25(11):1674-9.

149. Murphy DF, Beynnon BD, Michelson JD, Vacek PM,
Murphy DF, Beynnon BD, et al. Efficacy of plantar loading
parameters during gait in terms of reliability, variability, effect of
gender and relationship between contact area and plantar
pressure. Foot Ankle Int. 2005;26(2):171.

150. Kernozek T, Lamott EE, Kernozek T, Lamott EE.
Comparisons of plantar pressures between the elderly and young
adults. Gait Posture. 1995;3(3):143-8.

151. Chiu M-C, Wu H-C, Chang L-Y, Wu M-H, Chiu M-C,

Wu H-C, et al. Center of pressure progression characteristics

123



under the plantar region for elderly adults. Gait Posture.
2013;37(3):408-12.

152. Taylor AJ, Menz HB, Keenan A-M. The influence of
walking speed on plantar pressure measurements using the
two-step gait initiation protocol. The Foot. 2004;14(1):49-55.
153. Burns J, Crosbie J, Hunt A, Ouvrier R. The effect of pes
cavus on foot pain and plantar pressure. Clinical Biomechanics.
2005;20(9):877-82.

154. Mickle KJ, Munro BJ, Lord SR, Menz HB, Steele JR. Gait,
balance and plantar pressures in older people with toe
deformities. Gait Posture. 2011;34(3):347-51.

155. Gurney JK, Marshall PWM, Rosenbaum D, Kersting UG.
Test-retest reliability of dynamic plantar loading and foot
geometry measures in diabetics with peripheral neuropathy. Gait
Posture. 2013;37(1):135.

156. Hodge MC, Bach TM, Carter GM. Orthotic management
of plantar pressure and pain in rheumatoid arthritis. Clinical
Biomechanics. 1999;14(8):567-75.

157. McPoil TG, Cornwall MW, Dupuis L, Cornwell M,
McPoil TG, Cornwall MW, et al. Variability of plantar pressure
data. A comparison of the two-step and midgait methods. J Am

Podiatr Med Assoc. 1999;89(10):495.

124



158. Bus SA, Lange Ad, Bus SA, Lange Ad. A comparison of
the 1-step, 2-step, and 3-step protocols for obtaining barefoot
plantar pressure data in the diabetic neuropathic foot. Clinical
Biomechanics. 2005;20(9):892-9.

159. Goffar S, Reber R, Christiansen B, Miller R, Naylor J,
Rodriguez B, et al. Changes in Dynamic Plantar Pressure During
Loaded Gait. Phys Ther. 2013;93(9):1175-84.

160. Kanatli U, Yetkin H, Simsek A, Ozturk A, Esen E, Besli K.
Pressure distribution patterns under the metatarsal heads in
healthy individuals. Acta Orthop Traumatol Turc.
2008;42(1):26-30.

161. Kanatli U, Yetkin H, Bolukbasi S. Evaluation of the
transverse metatarsal arch of the foot with gait analysis. Arch
Orthop Trauma Surg. 2003;123(4):148-50.

162. Kapandji IA. The physiology of the joints : annotated
diagrams of the mechanics of the human joints. 1st English ed.
ed. Edinburgh: Edinburgh : Churchill Livingstone; 1970.

163. Daentzer D, Wiilker N, Zimmermann U. Observations
concerning the transverse metatarsal arch. Foot Ankle Surg.
1997;3(1):15-20.

164. McGlamry D, Banks A. Comprehensive textbook of foot
surgery. 2nd ed. Maryland: Williams & Wilkins; 1992. 1026 p.

125



165. Bulletin (Australian Institute of Health and Welfare).
Bulletin (Australian Institute of Health and Welfare). 2002.
166. 1CD-10 Coding Alert. ICD-10 Coding Alert.

167. Population projections (Australian Bureau of Statistics).
Population projections (Australian Bureau of Statistics). 1998.
168. Pagano M. Principles of biostatistics. 2nd ed. ed. Pacific
Grove, CA: Duxbury; 2000.

169. Bradley N, Miller WA, Evans JP. Plantar neuroma:
analysis of results following surgical excision in 145 patients.
South Med J. 1976;69(7):853-4.

170. Menz HB, Gilheany MF, Landorf KB. Foot and ankle
surgery in Australia: a descriptive analysis of the Medicare
Benefits Schedule database, 1997-2006. J Foot Ankle Res.
2008:;1:10-.

171. Johnsone CH, Christensen JC. Biomechanics of the first
ray part V: The effect of equinus deformity: A 3-dimensional
kinematic study on a cadaver model. J Foot Ankle Surg.
2005;44(2):114.

172. Perez HR. Equinus deformity as a factor in forefoot nerve

entrapment. J Am Podiatr Med Assoc. 2007;97(2):171.

126



173. Hagedorn TJ, Dufour AB, Riskowski JL, Hillstrom HJ,
Menz HB, Casey VA, et al. Foot Disorders, Foot Posture, and
Foot Function: The Framingham Foot Study. PLoS One. 2013.
174. Konstantine B. The Treatment of Morton’s Neuroma, a
Significant Cause of Metatarsalgia for People Who Exercise. Int
J Clin Med. 2013;04(01):19-24.,

175. Guerin G. Metatarsus proximus: Another etiology for
Morton's neuroma. The Journal of Current Podiatric Medicine.
1988;9:20.

176. Levinger P, Menz HB, Fotoohabadi MR, Feller JA,
Bartlett JR, Bergman NR. Foot posture in people with medial
compartment knee osteoarthritis. J Foot Ankle Res.
2010;3(1):1-8.

177. Abourazzak F, Kadi N, Azzouzi H, Lazrak F, Najdi A,
Nejjari C, et al. A positive association between foot posture
index and medial compartment knee osteoarthritis in moroccan
people. The open rheumatology journal. 2014;8:96.

178. Shearstone J, Guillano M, Dananberg HJ. Manipulation
method for the treatment of ankle equinus. J Am Podiatr Med
Assoc. 2000;90(8):385-9.

179. Pearce N. Analysis of matched case-control studies. BMJ.

2016;352.

127



180. Root ML, Orien WP, Weed JH, Hughes RJ.
Biomechanical examination of the foot Los Angeles Clinical
Biomechanics Corp; 1971. 136 p.

181. Redmond A, Crane Y, Menz H. Normative values for the
Foot Posture Index. J Foot Ankle Res. 2008;1(1):6.

182. Golightly YM, Hannan MT, Dufour AB, Hillstrom HJ,
Jordan JM. Foot Disorders Associated With Overpronated and
Oversupinated Foot Function: The Johnston County
Osteoarthritis Project. Foot Ankle Int. 2014;35(11):1159-65.
183. Butterworth PA, Landorf KB, Smith SE, Menz HB. The
association between body mass index and musculoskeletal foot
disorders: a systematic review. Obes Rev. 2012;13(7):630-42.
184. Menz HB. Biomechanics of the Ageing Foot and Ankle: A
Mini-Review. Gerontology. 2015;61(4):381-8.

185. Monteiro M, Gabriel R, Aranha J, Castro MNe, Sousa M,
Moreira M. Influence of obesity and sarcopenic obesity on
plantar pressure of postmenopausal women. Clinical
Biomechanics. 2010;25(5):461-7.

186. Frykberg RG, Bowen J, Hall J, Tallis A, Tierney E,
Freeman D. Prevalence of Equinus in Diabetic versus
Nondiabetic Patients. J Am Podiatr Med Assoc.

2012;102(2):84-8.

128



187. Gatt A, Chockalingam N. Clinical assessment of ankle
joint dorsiflexion: a review of measurement techniques. J Am
Podiatr Med Assoc. 2011;101(1):59-69.

188. Gatt A, Chockalingam N. Validity and reliability of a new
ankle dorsiflexion measurement device. Prosthet Orthot Int.
2013;37(4):289-97.

189. Cheng H-YK, Lin C-L, Wang H-W, Chou S-W. Finite
element analysis of plantar fascia under stretch—The relative
contribution of windlass mechanism and Achilles tendon force. J
Biomech. 2008;41(9):1937-44.

190. Kudou S, Hamajima K, Kaneiwa J, Hatanaka Y.
Reliability of the Transverse Arch of the Forefoot as an Indicator
of Foot Conditions. J Phys Ther Sci. 2012;24(4):335-7.

191. Amis J. The Gastrocnemius: A New Paradigm for the
Human Foot and Ankle: A New Paradigm for the Human Foot
and Ankle. Foot and Ankle Clinics of North America.
2014;19(4):637-47.

192. Teyhen DS, Stoltenberg BE, Eckard TG, Doyle PM,
Boland DM, Feldtmann JJ, et al. Static foot posture associated
with dynamic plantar pressure parameters. J Orthop Sports Phys

Ther. 2011;41(2):100.

129



193. Naraghi R, Bryant A, Slack-Smith L. Description of total
population hospital admissions for Morton's metatarsalgia in
Australia. J Am Podiatr Med Assoc. 2014;104(5):451-4.

194. Rodgers M, Cavanagh P. Pressure distribution in Morton’s
foot structure. Med Sci Sports Exerc. 1989;21(1):23-8.

195. Glasoe WM, Coughlin MJ. A Critical Analysis of Dudley
Morton’s Concept of Disordered Foot Function. J Foot Ankle
Surg. 2006;45(3):147-55.

196. Gerbert J. Textbook of Bunion surgery. 3rd ed.
Philadelphia W.B. Saunders 2001.

197. Portney L. Foundations of Clinical Research Applications
to Practice. Watkins M, editor. Philadelphia: Philadelphia : F.A.
Davis; 2015.

198. Dupont W, Plummer W. Power and Sample Size
Calculations: A Review and Computer Program. Control Clin
Trials. 1990;11:116-28.

199. Menz HB, Fotoohabadi MR, Munteanu SE, Zammit GV,
Gilheany MF. Plantar pressures and relative lesser metatarsal
lengths in older people with and without forefoot pain. J Orthop

Res. 2013;31(3):427-33.

130



200. Kwan RL-C, Zheng Y-P, Cheing GL-Y. The effect of
aging on the biomechanical properties of plantar soft tissues.
Clinical Biomechanics. 2010;25(6):601-5.

201. Chung-Li W, Hsu T-C, Shau Y-W, Jeng-Yi S,
Kuang-Hung H. Ultrasonographic measurement of the
mechanical properties of the sole under the metatarsal heads. J
Orthop Res. 1999;17(5):709-13.

202. Kaipel M, Krapf D, Wyss C. Metatarsal Length does not
Correlate with Maximal Peak Pressure and Maximal Force.
Clinical Orthopaedics and Related Research®.
2011;469(4):1161-6.

203. Viladot A. Morton's neuroma. Int Orthop.
1992;16(3):294-6.

204. Roukis TS. Metatarsus primus elevatus in hallux rigidus:
fact or fiction? J Am Podiatr Med Assoc. 2005;95(3):221.

205. Duerinck S, Hagman F, Jonkers I, Van Roy P, Vaes P.
Forefoot deformation during stance: Does the forefoot collapse
during loading? Gait Posture. 2014;39(1):40-7.

206. Tath K, Huszanyik I, Kellermann P, Boda K, Réde L. The
Effect of First Ray Shortening in the Development of
Metatarsalgia in the Second through Fourth Rays after Metatarsal

Osteotomy. Foot Ankle Int. 2007;28(1):61-3.

131



207. Usuelli F, Palmucci M, Montrasio UA, Malerba F.
Radiographic Considerations of Hallux Valgus versus Hallux
Rigidus. Foot Ankle Int. 2011;32(8):782-8.

208. Dietze A, Bahlke U, Martin H, Mittlmeier T. First Ray
Instability in Hallux Valgus Deformity: A Radiokinematic and
Pedobarographic Analysis. Foot Ankle Int. 2013;34(1):124-30.
209. Benatar JR, Stewart RAH. The effects of changing dairy
intake on trans and saturated fatty acid levels- results from a
randomized controlled study. Nutr J. 2014;13:32.

210. Talma H, Chinapaw MJM, Bakker B, Hirasing RA,
Terwee CB, Altenburg TM. Bioelectrical impedance analysis to
estimate body composition in children and adolescents: a
systematic review and evidence appraisal of validity,
responsiveness, reliability and measurement error. 2013. p.
895-905.

211. Xu Z, Duan X, Yu X, Wang H, Dong X, Xiang Z. The
accuracy of ultrasonography and magnetic resonance imaging for
the diagnosis of Morton's neuroma: a systematic review. Clin
Radiol. 2015;70(4):351-8.

212. Hsi W-L, Chen S-C, Chen M-D, Kang J-H. Correlations

between subjective treatment responses and plantar pressure

132



parameters of metatarsal pad treatment in metatarsalgia patients:
a prospective study. BMC Musculoskelet Disord. 2006;7(1):95.
213. Koenraadt KLM, Stolwijk NM, Wildenberg Dvd, Duysens
J, Keijsers NLW. Effect of a Metatarsal Pad on the Forefoot
During Gait. J Am Podiatr Med Assoc. 2012;102(1):18-24.

214. Kasparek M, Schneider W. Transection of the deep
metatarsal transverse ligament in Morton’s neuroma surgery does
not increase risk of splayfoot development. Int Orthop.
2016;40(5):953-7.

215. Simonsen O, Vuust M, Understrup B, Hgjbjerre M,
Battcher S, Voigt M. The transverse forefoot arch demonstrated
by a novel X-ray projection. Foot Ankle Surg. 2009;15(1):7-13.
216. Park YH, Jeong SM, Choi GW, Kim HJ. The role of the
width of the forefoot in the development of Morton’s neuroma.
Bone &amp;amp; Joint Journal. 2017;99-B(3):365.

217. Faul F, Erdfelder E, Buchner A, Lang A-G. Statistical
power analyses using G*Power 3.1: Tests for correlation and
regression analyses. Behav Res Methods. 2009;41(4):1149-60.
218. DiPreta JA. Metatarsalgia, Lesser Toe Deformities, and
Associated Disorders of the Forefoot. Med Clin North Am.

2014:98(2):233-51.

133



219. Keijsers NLW, Stolwijk NM, Louwerens JWK, Duysens J.
Classification of forefoot pain based on plantar pressure
measurements. Clin Biomech (Bristol, Avon). 2013;28(3):350.
220. Naraghi R, Bremner A, Slack-Smith L, Bryant A. The
relationship between foot posture index, ankle equinus, body
mass index and intermetatarsal neuroma. J Foot Ankle Res.
2016;9(1):<xocs:firstpage xmins:xocs=""/>.

221. Wen J, Ding Q, Yu Z, Sun W, Wang Q, Wei K. Adaptive
changes of foot pressure in hallux valgus patients. Gait Posture.
2012;36(3):344-9.

222. Barr6co R, Nery C, Favero G, Mombach R, Nascimento O,
Jorge S, et al. Evaluation of metatarsal relationships in the
biomechanics of 332 normal feet using the method of measuring
relative lengths. Revista Brasileira de Ortopedia (English
Edition). 2011;46(4):431-8.

223. Luger E, Nissan M, Karpf A, Steinberg E, Dekel S.
Patterns of weight distribution under the metatarsal heads. J
Bone Joint Surg. 1999;81(2):199-202.

224. Stecco C, Fantoni I, Macchi V, Del Borrello M,
Porzionato A, Biz C, et al. The role of fasciae in Civinini—

Morton's syndrome. J Anat. 2015;227(5):654-64.

134



225. Volpe A. Morton’s syndrome. LO SCALPELLO-OTODI
Educational. 2011;25(1):60-73.

226. Chaganti S, Joshy S, Hariharan K, Rashid M. Rheumatoid
nodule presenting as Morton’s neuroma. J Orthop Traumatol.
2013;14(3):219-22.

227. Giakoumis M, Ryan JD, Jani J. Histologic Evaluation of
Intermetatarsal Morton’s Neuroma. J Am Podiatr Med Assoc.
2013;103(3):218-22.

228. Di Caprio F, Meringolo R, Shehab Eddine M, Ponziani L.
Morton’s interdigital neuroma of the foot: A literature review: A
literature review. Foot Ankle Surg. 2017.

229. Gatt A, Chockalingam N. Assessment of Ankle Joint
Dorsiflexion: An Overview/Exploracion de la flexion dorsal del
tobillo: Una revision. Revista Internacional de Ciencias
Podolodgicas. 2012;6(1):25-9.

230. Barton CJ, Bonanno D, Levinger P, Menz HB. Foot and
ankle characteristics in patellofemoral pain syndrome: a case
control and reliability study. J Orthop Sports Phys Ther. 2010;40.
231. Reilly K, Barker K, Shamley D, Newman M, Oskrochi
GR, Sandall S. The role of foot and ankle assessment of patients
with lower limb osteoarthritis. Physiotherapy. 2009;95.

232. Amis J. The effect of stretching on Morton's neuroma.

135



233. Young R, Nix S, Wholohan A, Bradhurst R, Reed L.
Interventions for increasing ankle joint dorsiflexion: a systematic
review and meta-analysis. J Foot Ankle Res. 2013;6.

234. Jump C, Rice M, Gheorghiu D, Sanchez-Ballester J. Does
Greek Foot Predispose to Morton’s Neuroma? Open J Orthop.
2014;4:176-82.

235. Valero J, Gallart J, Gonzélez D, Deus J, Lahoz M.
Multiple Interdigital Neuromas: A Retrospective Study of 279
Feet With 462 Neuromas. J Foot Ankle Surg. 2015;54(3):320-2.
236. Buldt AK, Levinger P, Murley GS, Menz HB, Nester CJ,
Landorf KB. Foot posture is associated with kinematics of the
foot during gait: A comparison of normal, planus and cavus feet.
Gait Posture. 2015;42(1):42-8.

237. Butterworth PA, Urquhart DM, Landorf KB, Wluka AE,
Cicuttini FM, Menz HB. Foot posture, range of motion and
plantar pressure characteristics in obese and non-obese
individuals. Gait Posture. 2015;41(2):465-9.

238. Roukis TS, Jacobs PM, Dawson DM, Erdmann BB,
Ringstrom JB. A prospective comparison of clinical,
radiographic, and intraoperative features of hallux rigidus. J Foot

Ankle Surg. 2002;41(2):76-95.

136



239. Gajdosik R, Vander Linden D, Williams A. Influence of
age on length and passive elastic stiffness characteristics of the
calf muscle-tendon unit of women. Phys Ther.
1999;79(9):827-38.

240. Ochala J, Lambertz D, Hoecke J, Pousson M. Changes in
muscle and joint elasticity following long-term strength training

in old age. Eur J Appl Physiol. 2007;100(5):491-8.

137



Appendix 1

138



ORIGINAL ARTICLES

Description of Total Population Hospital Admissions for

Morton’s Metatarsalgia in Australia

Reza Naraghi, DPM*

Alan Bryant, PhD*

Linda Slack-Smith, PhDt

Background: Morton’s metatarsalgia is a painful perineural fibroma of a plantar nerve,
most commonly of the second or third intermetatarsal spaces of the forefoot. The aim of
this study was to investigate hospital admissions with a diagnosis of Morton’s
metatarsalgia in the Australian population from 1998 to 2008.

Methods: Data regarding admissions with a diagnosis code of ICD-10 G57.6 were
extracted from the Australian Institute of Health and Welfare databases of hospital
morbidity from 1998 to 2008. The event of interest was an admission with ICD-10 G57.6
(Morton’s metatarsalgia). The explanatory variables included sex and age group. Rates
were calculated using the estimated resident population counts to determine denom-
inators.

Results: Morton’s metatarsalgia admissions were almost three-fold higher for women in
the population compared to men. The rate of admissions for Morton’s metatarsalgia was
the highest for the total population in the 55- to 59-year-old age group. Among women
admitted for Morton’s metatarsalgia, the highest rate was in the 50- to 54-year-old age
group; among men, the highest rate was in the slightly older 55- to 59-year-old age
category.

Conclusions: Population-level information on admissions for Morton’s metatarsalgia

show that admissions were three times higher among women compared to men. The
highest admission rate was in the 50- to 55-year-old age group. (J Am Podiatr Med

Assoc 104(5): 451-454, 2014)

Morton’s metatarsalgia (also known as Morton’s
neuroma, interdigital neuritis, and neuralgia) is a
painful condition in the plantar aspect of the
forefoot attributed to the thickening and fibrosis
of the common digital nerve at the level of the
bifurcation into common digital branches.”” Many
sources report that this condition is more common
in the second and third interspaces of the foot.
Footwear seems to play a role in the formation of
Morton’s metatarsalgia in susceptible individuals,?®
and the condition is said to affect mostly women
who wear high-heeled shoes.* The etiology of this
condition is still unclear. The perineural tissue
surrounding the nerve becomes enlarged and
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thickened, possibly as a result of factors such as a
trauma, compression from the deep transverse
metatarsal ligament, metatarsus proximus, and
abnormal pressure.!® The pain often radiates to
the toes in the form of tingling and numbness, and
most people describe the pain as “walking on a
pebble.” The literature indicates that it is more
common in women, but men are also affected by
this malady.!>” The condition is treated conserva-
tively by changing shoe gear, and by using metatar-
sal padding, orthosis, cortisone, or alcohol injec-
tions. Failure to respond to conservative care may
necessitate surgical excision of the affected nerve.

There is a dearth of epidemiological data regard-
ing hospital admissions for Morton’s metatarsalgia
internationally. The purpose of this article is to
describe the epidemiology of hospital admissions
for Morton’s metatarsalgia in Australia, including
the description of admissions by patient sex and age
group, using International Classification of Diseas-
es, 10th Revision (ICD-10) diagnosis codes.
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Methods

We extracted data on Morton’s metatarsalgia
admission to public and private hospitals across
all Australian states and territories from the
Australian Institute of Health and Welfare online
database from 1998 to 2008.% Individual-level data
were not available. The data have been recorded
based on standardized International Statistical
Classification of Diseases and Related Health
Problems, 10% Revision, Australian Modification
(ICD-10).? The ICD-10 code of G57.6 corresponds to
Morton’s metatarsalgia. The factors extracted from
the online data were total number of admissions,
age, sex, and age groups of patients admitted with
an ICD-10 code of G57.6. The male-to-female ratio
and percentage of admissions within each age group
were determined.

The ICD-10 code Gb57.6 was used to allow the
investigators to look at admissions for this disorder
using the Australian Institute of Health and Welfare
(AIHW) data.® The AIHW is an Australian Govern-
ment organization that provides information and
statistics on Australian health and welfare matters.

Estimated resident population counts of all
sociodemographic stratifications for 1998 to 2008
were available from the Australian Bureau of
Statistics.! Rates were generated by dividing the
number of hospital admissions of Morton’s meta-
tarsalgia by the estimated resident population of the
same specified group and multiplying by 100,000 to
determine the number of hospital admissions per
100,000 people per year. The rates for 3 years (1998,
2001, and 2004) were calculated to observe the
variation over time. The standard error formula for
rates was used to derive standard errors and
consequent 95% confidence intervals. Findings were
considered significant at the P < 0.05 level.ll We
used publicly available raw data and received
approval for this project from the Human Research
Ethics Committee of the University of Western
Australia.

Results

There were 13,579 hospital admissions with a
diagnosis of Morton’s metatarsalgia from 1998 to
2008 (Table 1); 3,266 patients were male and 10,313
were female. The average female-to-male ratio was
3.2 to 1.0. The highest rates of admission for
Morton’s metatarsalgia among women were in the
50- to b4-year-old age group; for men, the highest
admission rates were in the 55- to 59-year-old age
group (Fig. 1). The highest rate for women was in

2001 at 10.92 and for men in 1998 at 4.01 per 100,000
populations per year (Table 2). Over the period
reviewed, the highest overall rate for the total
population study from 1998 to 2008 occurred in 1998
at 7.43 per 100,000 population. The rates for every
age group for the years 1998, 2001, and 2004 were
determined (Table 1). The highest rate in 1998 was
in the 55- to 59-year-old age category at 22.10 per
100,000; in 2001, the highest rate was in the 60- to
64-year-old category at 23.60 per 100,000; and in
2004, the highest rate was in the 55- to 59-year-old
age category at 21.54 per 100,000. The rates for each
of these 3 years varied slightly; however, the female-
to-male ratio remained constant at approximately 3
to 1.

Discussion

Although a number of studies have investigated the
outcome of surgery on patients with Morton’s
metatarsalgia, previous studies have not used
population data. Bradley et al'? found from 85
individuals who underwent Morton’s neuroma
surgery, there were 71 females and 14 males (ratio
of 5 to 1). In a 1979 study, Gauthier'® sectioned the
deep transverse intermetatarsal ligament of 206
individuals, 187 females and 19 males, with a ratio
of approximately 10 to 1. Other ratios of female to
male who have had surgery for Morton’s metatar-
salgia have been reported in the literature!>4
however, no study to date has reviewed large
sample sizes that may reflect the whole general
population of a particular country.

In 2006, Latinovis et al'® studied data on the
incidence of common compressive neuropathies
from 253 general medical practices across the
United Kingdom. Morton’s metatarsalgia was found
to be more common in women, and in both men and
women between 55 and 64 years of age, which is
similar to our findings; the male-to-female ratio was
1.8 to 1.0. They also studied the rate of the operative
treatment and found a 2.3 to 1.0 female-to-male
ratio, which is also very close to our results. Their
study, however, was based on number of general
practitioner practices across the United Kingdom
and does not necessarily resemble the total popu-
lation.

Limitations of the Study

Although our study has the benefit of using total
population data for Australia, the use of adminis-
trative data is a limitation in that the quality of the
results depends on the accuracy of the data. This
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Table 1. Age Group, Total Number of Admissions, Percent of Admissions, and the Rates per Year per 100,000 Populations

for the Years 1998, 2001, and 2004

Age Total No. Admissions Total %

Group (1998-2008) Admissions Rate 1998 Rate 2001 Rate 2004 Mean Rate 95% CI
1-19 62 0.45 1.41 0 0.22 0.54 0-2.03
20-24 157 1.16 234 1.46 057 1.46 0-3.19
25-29 345 2.54 3.69 2.84 1.99 284 1.17-4.50
30-34 603 4.44 4.39 6.34 341 4.71 1.79-7.64
35-39 1,031 7.59 7.81 8.11 6.01 7.31 5.08-9.53
4044 1,204 8.87 9.02 8.31 6.35 7.89 5.18-10.61
45-49 1,660 12.22 12.68 13.32 11.97 12.66 11.33-13.99
50-54 2,267 16.69 20.01 18.53 14.90 17.81 12.67-22.96
55-59 2,258 16.63 2210 19.53 2154 21.05 18.41-23.70
6064 1,743 12.84 19.48 23.60 19.70 20.93 16.38-25.47
65-69 1,075 7.92 17.68 12.75 17.18 15.87 10.55-21.19
70-74 672 4.95 12.75 9.24 9.90 10.63 6.97-14.29
75-79 338 2.49 6.60 8.86 6.98 7.48 5.11-9.85
80-84 140 2.49 410 4.85 444 4.46 3.73-5.20
85+ 24 1.03 044 0.75 1.38 0.86 0.09-1.63
Male 3,266 0.18

Female 10,313 24.05

Total 13,579 75.95

study reflects the rate of admission of only patients
diagnosed with Morton’s metatarsalgia across Aus-
tralia, who were admitted to public and private
hospitals presumably for surgical management of
the condition by both podiatric and orthopedic
surgeons. It does not represent all patients diag-
nosed with Morton’s metatarsalgia in private or
public clinics and hence does not represent the true
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incidence in the population and is likely to be an
underestimate of total morbidity. However, the
hospital admission information is important to
determine the need for services and estimating the
cost of admissions relating to Morton’s metatarsal-
gia.

Another limitation is the variation in definition of
the code G57.6. The ICD-10 defines G57.6 as
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Figure 1. Number of admissions for Morton’s metatarsalgia among men and women by age group in years.
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Table 2. Rates for 1998 to 2008 Male and Female (Admissions per 100,000 per Year)

1998— 1999- 2000- 2001- 2002— 2003— 2004— 2005— 2006— 2007—-
Years? 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008
Rates, male 4.01 3.32 3.4 3.63 3.37 3.01 2.93 2.84 3.46 3.24
Rates, female 10.81 10.06 10.46 10.92 9.90 9.64 10.65 10.13 10.38 10.47
Total 7.43 6.71 6.89 7.30 6.66 6.36 6.82 6.51 6.94 6.88
aYears represent Australian financial years July 1 to June 30.
Morton’s metatarsalgia while the Australian Insti- References

tute of Health and Welfare defines G57.6 as the
lesion of the plantar nerve.® Another limitation is
that we assume most people will have only one
admission and that they are not readmitted for
recurrent Morton’s metatarsalgia or any other
complications relating to this pathology. In our
experience, the most common plantar nerve lesion
or pathology is Morton’s metatarsalgia (a.k.a.
Morton’s neuroma, and interdigital neuralgia).

Conclusions

This article has provided analysis of total popula-
tion data for Morton’s metatarsalgia in Australia
using the Australian Institute of Health and Welfare
databases of hospital morbidity from 1998 to 2008.
Such data are useful for morbidity and cost
estimates. Although somewhat complex to access
and manage, these data are publically available and
can be used to follow the trends for this disorder.
From the results, we see that the rate of Morton’s
metatarsalgia admission is three times more com-
mon in women and has the highest admission rate in
the 50- to 55-year old category at 10.9 per 100,000 of
population.
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The relationship between foot posture ® e
index, ankle equinus, body mass index
and intermetatarsal neuroma
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Abstract

Background: The main purpose of this study was to investigate the presence of an association between
intermetatarsal neuroma and foot type, as measured by the Foot Posture Index. The study also examined whether
there was a relationship between foot type and the interspace affected with intermetatarsal neuroma, and whether
ankle equinus or body mass index had an effect.

Methods: In total, 100 participants were recruited from The University of Western Australia’s Podiatry Clinic, 68 of
whom were diagnosed with inter metatarsal neuroma from 2009 to 2015. There were 32 control participants
recruited from 2014 to 2015. The age of subjects was recorded, as were weight and height, which were used to
calculate body mass index. The foot posture index and ankle dorsiflexion were measured using standard technique.
Independent t tests and Kruskal Wallis tests were used to compare differences in foot posture index, body mass
index and ankle dorsiflexion between the inter metatarsal neuroma and control groups. Multivariable logistic
regression was also used to model relationships for outcome.

Results: The 68 intermetatarsal neuroma subjects had a mean age of 52 years (range 20 to 74 years) and
comprised of 56 females and 12 males. The 32 control subjects had a mean age of 49 years (range 24 to 67 years)
with 26 females and six males. There were no significant differences between the control and the intermetatarsal
neuroma groups with respect to the mean foot posture index scores of the left and right foot (p =0.21 and 0.87,
respectively). Additionally no significant differences were detected between the affected intermetatarsal neuroma
interspace and foot posture index (p=0.27 and 0.47, respectively). There was no significant difference in mean
body mass index between the intermetatarsal neuroma (26.9 + 5.7) and control groups (265 +4.1) (p=0.72). There
was, however, a significant difference in mean ankle dorsiflexion between the intermetatarsal neuroma and control
groups (p < 0.001 for both feet). Logistic regression models, adjusted for age, sex, foot posture index and body
mass index estimated that the odds of having an intermetatarsal neuroma in the right foot increased by 61%

(OR 1.61; 95% Cl 1.32-1.96) with each one degree reduction of ankle dorsiflexion, and in the left foot by 43%

(OR 1.43; 95% Cl 1.22-1.69).

Conclusion: No relationships were found between foot posture index and body mass index with intermetatarsal
neuroma, or between foot posture index and the interspaces affected. However, a strong association was
demonstrated between the presence of intermetatarsal neuroma and a restriction of ankle dorsiflexion.

Keywords: Neuroma, Equinus deformity, Body mass index
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Background

Intermetatarsal neuroma (IMN), also known as Morton’s
metatarsalgia is the symptomatic thickening of the plan-
tar intermetatarsal nerve at the level of bifurcation into
the digital branches. It is more common in women, and
the highest hospital admission rates for surgical removal
are for 55-59 year-old males and 50-55 year-old females
[1]. People with IMN complain of a sharp burning pain
in the interspaces and tingling sensations that may radi-
ate to the toes. This condition commonly affects the
third interspace, however, neuromas in the second inter-
space are also common, while the first and fourth inter-
spaces are rarely involved [2-6].

There are numerous aetiologies speculated in the lit-
erature for IMN, such as; pronation [4, 7, 8], metatarsus
proximus [15, 16], trauma [9], ankle equinus [10-14],
bursitis [9, 15, 16], entrapment by the deep transverse
metatarsal ligament [9, 17], and anatomical variations
such as presence of the communicating branch of the
lateral plantar nerve [7, 18, 19]. Jarde reported that
flatfoot was associated with the development of IMN in
44% of a 43 patient series [20]. Hagedorn et al, in a
2013 study of 3429 participants, reported associations
between foot posture and common foot problems such
as hallux abducto valgus, hammertoe, overlapping toe,
hallux rigidus and IMN [21]. Their results showed no
association between IMN (N =439) and any foot posture
and function. However, their study did not compare the
foot posture of subjects with foot disorders to that of
control subjects.

Excessive pronation can lead to hypermobility of the
metatarsal heads, and it has been postulated that move-
ment between the fixed medial column and the more
mobile lateral column of the foot can place excessive
pressure on the third interspace nerve [4, 7, 15, 20, 22, 23].
This, along with the traction caused by the flexor digi-
torum brevis has been implicated as a possible cause of the
formation of neuroma in the third interspace [4]. It has
been suggested that neuroma in the second interspace is
more common in the neutral to cavus foot due to the close
approximation of the second and third metatarsal heads
[24]. This tight space predisposes the nerve to compression
by the bursa above the nerve and lumbricalis muscle/ten-
don arising from the medial aspect of the flexor digitorum
longus that runs parallel to the nerve [25, 26]. Further-
more, the plantar declination of the metatarsals in a cavus
foot type can increase pressure over the corresponding
nerve [27]. Pazzaglia et al. reported that 75% of his IMN
patients (# =12) in an immunohistochemical study had a
cavus foot type with forefoot deformity [6]. There were no
case-control studies in the literature that investigated the
association of IMN with foot posture. Additionally no pro-
posed mechanism that related foot posture to the occur-
rence of IMN in the second and third interspaces was
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identified. This lends us to hypothesize that the occurrence
of neuroma in the third interspace would be associated
with a pronated foot posture and the occurrence of neur-
oma in the second interspace would be present in a more
neutral to supinated foot type.

To measure the association of foot posture and IMN,
investigators can use a simple and efficient tool such as
The Foot Posture Index ™ (FPI). FPI is regularly used by
clinicians to assess foot type prior to implementing orth-
otic therapy [28]. The FPI measurement tool has also
been validated using Rasch analysis, “which showed that
it had good psychometric properties, good individual
item fit, and good overall fit of the six criteria to the
obtained model” [29]. In addition, Cornwall et al.
showed that the FPI had high intra-rater reliability
with intraclass correlation coefficient (ICC) levels of
greater than 0.9, however, the inter-rater reliability
with ICC values were moderate between 0.525 and
0.655 [30]. Although there is no available literature
that has investigated the FPI and IMN, this tool is
frequently reported for association of foot type with
many other lower extremity conditions [31-33].

Reduced ankle joint dorsiflexion also known as ankle
equinus is surmised to cause IMN [10, 13, 14, 34, 35]. A
lack of adequate ankle dorsiflexion can result in com-
pensation during gait such as; an early heel lift and an
increase in forefoot pressures [11] and thus causing pain
in the forefoot [14]. Measurement of ankle joint dorsi-
flexion is used frequently by clinicians in their day to
day practice. There is limited high quality evidence to
support the relationship between ankle joint range of
motion and IMN, only one case study by Barrett and
Jarvis reported an improvement to forefoot nerve symp-
toms after a gastrocnemius release [35].

This study investigates the association between foot
type as measured by the FPI, ankle equinus and body
mass index (BMI) and the presence of IMN. This study
examines the relationship between foot type and the af-
fected interspace with neuroma.

Methods

As a case-control study, subjects were recruited from
patients attending The University of Western Australia
(UWA) Podiatry Clinic. The inclusion criteria for IMN
subjects included a minimum of 6-month history of pain
in an affected interspace and a clinically demonstrated
positive painful Mulder’s click and a positive ultrasound
confirmatory diagnosis of neuroma in the affected inter-
space. The inclusion criterion for control subjects was
no history of IMN or neuroma-like pain in the forefoot.
The exclusion criteria for both neuroma and control
groups were a previous history of surgery to the lower
extremity, any proximal nerve entrapment at the level of
the ankle, knee, hip or back, any history of significant
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trauma to the forefoot area, any difficulty in walking and
standing, diabetes or a history of systemic arthritis, bony
ankle equinus and any other cause of pain in the forefoot
such capsulitis/tenosynovitis or plantar plate pathology.

Recruitment

Approval was obtained from the University of Western
Australia Human Research Ethics Committee for this
study, which recruited 100 participants from the UWA
Podiatry Clinic, 68 of whom were diagnosed with IMN
from 2009 to 2015. There were 32 control participants
recruited from 2014 to 2015. All participants provided a
medical history and underwent a physical examination
by the corresponding author.

Measurements

Subjects’ ages, weights and heights were recorded, and
their BMIs calculated. The FPI was measured according
to the FPI User Guide Manual [36] by the corresponding
author, who has more than 10 years of experience in
clinical practice. Measurements were taken twice and
the average value was recorded. Ankle dorsiflexion was
measured for each subject with a goniometer using the
technique described by Root et al. [37]. The subtalar
joint was placed in neutral with the patient in a prone
position and the ankle dorsiflexed passively while main-
taining subtalar joint neutral position. The subject was
then asked to actively dorsiflex the foot while the exam-
iner maintained the subtalar joint in a neutral position.
The angle formed between the lateral rear foot and the
lateral bisection of the distal 1/3 of the fibula was mea-
sured. Two measurements were taken and the average
recorded. The intra-rater reliability of the ankle dorsi-
flexion measurements was tested by using the measure-
ments of eight subjects performed three times to
calculate the ICC using a two-way mixed effects model
in IBM SPSS Statistics v22 (IBM Corp, Armonk, NY,
USA). The ICC of 0.95 (95% CI 0.83—0.99) indicated that
intra-rater reliability was good.

Statistical analysis

IBM SPSS Statistics v22 was used for analyses. The sig-
nificance level was set at 0.05. Results are expressed as
mean *+ SD. Medians and ranges are also presented for
non-normally distributed measures. Independent sample
t-tests were used to compare the mean age, BMI, FPI
and ankle dorsiflexion between IMN and control groups.
In addition, Kruskal-Wallis tests were performed to test
for differences in foot type and ankle dorsiflexion be-
tween the interspaces affected. Chi-square tests were
used to determine whether there was any association be-
tween the interspace(s) and the foot (feet) affected in
IMN subjects, and whether the proportions of males and
females with ankle dorsiflexion of less than 10° differed.
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Associations were also investigated using multivariable lo-
gistic regression. Odds ratios (ORs) and 95% confidence
intervals (ClIs) are reported.

Results

The 68 IMN cases had a mean age of 52+ 14 years
(range 20 to 74 years) and comprised 56 females and 12
males. The control group of 32 subjects had a mean age
of 49 + 10 years (range 24 to 67 years), with 26 females
and six males. There were no significant differences in
age between the IMN and control groups (p=0.28),
or BMI between the IMN (26.9+5.7) and control
(26.5+4.1) groups (p=0.72). Approximately equal per-
centages of men and women had IMN: 66.7% of men and
68.3% of women (p = 0.89).

Figure 1 shows the FPI scores for the IMN and control
groups. The mean FPI scores were 3.5 + 2.9 (range -5 to 8)
for the right-foot IMN and 2.9 + 2.8 (range -1 to 7) for the
left-foot IMN (Table 1). The control group mean FPI
score for the right foot was 2.7 £+ 2.5 (range -3 to 7) and
for the left foot, 3.0 £ 2.9 (range -5 to 8). There were no
significant differences in the mean FPI scores for the right
and left feet between cases and controls (p=0.21 and
0.87, respectively). There were, however, significant differ-
ences in mean ankle dorsiflexion between the IMN and
control groups (P < 0.001 for both feet). The ankle dorsi-
flexion measurements of IMN subjects were lower by
5.91° (95% CI 4.04-7.78) for the right foot, and 7.34°
(95% CI 5.55-9.13) for the left foot. Figure 2 shows the
ankle dorsiflexion measurements of the IMN and control
groups. Male and female ankle dorsiflexion measurements
did not differ significantly, nor did the proportions of male
and female IMN subjects with ankle dorsiflexion less
than 10 degrees. They were 87.5% versus 75.0% on
the right (p=0.66), and 75.0% versus 86.7% on the
left (p =0.59), for males and females, respectively.

Of the IMN subjects, 28 were diagnosed with neuroma
in the second interspace, 23 in the third interspace and
17 in both 2™ and 3" interspaces. Only three subjects
had neuromas in the second and third interspaces of
both feet (Table 2). There was no significant association
between the interspace(s) affected and the foot (feet) af-
fected with IMN(s) (p = 0.16).

In order to evaluate the relationship between FPI and
interspaces affected the IMN subjects were divided ac-
cording to their affected interspace and compared with
controls. The second interspace FPI means on the right
(n=19) and left (7 =13) were 3.2+ 2.6 and 2.7 + 1.9, re-
spectively. The third interspace FPI means on the right
(n =15) and left (n = 11) were 3.20 + 3.5 and 2.9 + 2.8, re-
spectively (Table 3). FPI did not differ significantly
across groups when IMN subjects were divided accord-
ing to their affected interspace(s) (p =0.27 on the right
and p=0.47 on the left) nor did ankle dorsiflexion
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Table 2 Description of intermetatarsal neuroma by foot and the
interspace(s) affected

Interspace Right foot Left foot Both feet Total

2/3 14 9 5 28 (41.2%)
3/4 12 8 3 23 (33.8%)
Both 3 1 3 17 (25.0%)
Total 29 (426%) 28 (41.2%) 11 (16.29) 68

Total interspaces affected: right foot (n=40); left foot (n =38)

differ across interspace groups (p»=0.80 on the right
and p=0.79). Logistic regression models, adjusted for
age, sex, FPI and BMI, estimated that the odds of
having an intermetatarsal neuroma in the right foot
decreased by 38% (OR 0.62; 95% CI 0.51-0.76) with each
additional degree of ankle dorsiflexion, and in the left foot
by 30% (OR 0.70; 95% CI 0.59-0.82) (Table 4). Alterna-
tively, these odds ratios can be expressed for each degree
of reduction in ankle dorsiflexion as 1.61 (95% CI 1.32—
1.96) for the right foot and 1.43 (95% CI 1.22-1.69) for the
left foot. That is, the odds of having a neuroma increased
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Table 3 The relationship between the affected interspaces and foot posture index and ankle dorsiflexion

Right foot Left foot
Interspace n FPI ADF n FPI ADF
mean + SD mean + SD mean + SD mean + SD
median (range) median (range) median (range) median (range)
2/3 19 32+26 463+287 13 27+19 362+384
4(3to7) 50to12) 3(0to5) 2 (0to 10)
3/4 15 32+35 587 +4.66 11 29+28 455+425
3(5t08) 5(0to 14) 3(1to7) 5(0to 12)
Both 6 52+17 6.17+£549 14 36+25 3.86+5.10
5(3t08) 5(0to 15) 4(1to6) 250 to 15)
p value 0.27 0.80 047 0.79

p value from Kruskal Wallis one way analysis of variance test (non parametric test)

by 61 and 43% for the right and left feet, respectively, with
each degree of reduction in ankle dorsiflexion.

In summary, there were no significant differences in
FPI between IMN interspaces affected or between cases
and controls. The IMN subjects had a significant de-
crease in ankle dorsiflexion measurements compared
with control subjects.

Discussion
This study used the FPI to investigate for an association
between foot posture and IMN. The results showed no
association between foot posture and IMN formation.
Our mean FPI values were slightly less than the norma-
tive value of +4 reported by Redmond et al., who mea-
sured FPI on 619 healthy subjects [38]. The mean FPI
scores in our study were 3.5 £ 2.9 (range -5 to 8) for the
right-foot IMN and 2.9 + 2.8 (range -1 to 7) for the left-
foot IMN which based on our sample size is not signifi-
cantly different to our controls (p=0.21 and p=0.87
respectively). Hagedorn et al. also in the Framingham
population study did not find any association between
foot posture and IMN [21].

Most of the literature states that the third interspace is
more commonly affected with IMN for anatomical and
biomechanical reasons [4, 6, 9, 25, 39]. Keh et al. [40]

Table 4 Multivariable logistic regression estimates of odds of
one or two intermetatarsal neuromas

Right foot Left foot
Variable OR (95% Cl) pvalue  OR (95% Cl) p value
Age (years) 1.06 (099, 1.14)  0.75 099 (094,1.04) 075
BMI (kg/m2) 0.88(0.73,1.06)  0.20 1.09 (096, 1.24)  0.20
Female® 208 (0.34,128) 095 096 (0.23,4.03) 095
FPI 1.29(0.93,1.81) 085 102 (0.82,1.27) 085
ADF (degrees) 062 (0.51,0.76)  <0.001 0.70 (0.59,0.82)  <0.001

BMI Body mass index

FPI Foot Posture index

ADF Ankle dorsiflexion (degrees)

OR Odds ratio, CI Confidence interval

#Compared to male. Other ORs are per unit increase

reported a slightly increased occurrence of neuroma in
the second interspace, but an equal distribution of neur-
oma in both interspaces was reported by Mann et al. [5].
In this study approximately 41% occurred in the second
interspace only, 34% in the third interspace only and
25% in both interspaces (Table 3). We did not find any
relationship between FPI and IMN in a particular inter-
space. Therefore, the belief that IMN would more com-
monly occur in the third interspace in a more pronated
foot as a result of hypermobility of the lateral column
relative to the medial column cannot be supported by
these findings. Furthermore, even though the second
interspace was the most frequently affected site, cavus
foot posture was not associated with formation of IMN
in the second interspace.

It is reasonable to assume that individuals with a high
BMI would have increased pressure in the forefoot dur-
ing the propulsive phase of gait, which may traumatize
plantar interspace nerves. However, in our study, there
was no significant difference in mean BMI between IMN
and control groups. The Johnston County study reported
that there was no clear association between BMI and the
presence of foot deformities [41]. However, in a system-
atic review by Butterworth et al., a significant association
between foot pain as a result of non-specific foot disor-
ders and increasing BMI was reported [42]. While obes-
ity has been linked to an increase in plantar pressure
measurements [43], which can lead to a more pronated
foot and increase in foot pain [44, 45], in our case-
control series no relationship between BMI and IMN
formation was established.

A number of authors state that a lack of ankle
dorsiflexion in gait increases pressure of the forefoot
[10, 11, 34, 35, 46]. Barrett went as far as to recom-
mend endoscopic gastrocnemius release as a treat-
ment for IMN patients exhibiting ankle equinus [35].
DiGiovanni et al. studied the effect of isolated gastro-
cnemius tightness in a group of 34 patients with fore-
foot and midfoot pain versus a control group of 34
without any foot or ankle pain. In his study he used
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an equinometer to measure ankle dorsiflexion and defined
equinus as less than 5°, and found that in the patient
group, there was a twofold higher rate of equinus com-
pared to the control group. The study, however, did not
have any patients with IMN and only seven subjects were
diagnosed with metatarsalgia of non-neurological origin.
Although the measurement technique used in our study
has been reported in the literature as unreliable [47, 48]
the intra-rater reliability was found to be high.

One limitation of this study was that FPI is a static
measurement and may not represent a subject’s dynamic
function during gait given that IMN symptoms occur
mostly during the propulsive phase of gait. However,
some studies support the use of FPI as a valid tool in
predicting dynamic function of the foot during gait
[49, 50]. Secondly, gender imbalance may have affected
the results, as 82% of the study subjects were female.
However, there were no significant differences in mean
ankle dorsiflexion measurements between male and fe-
male subjects. Presentation of IMN is more commonly
seen in women, and their rate of hospital admission is
three times higher that of males in Australia [1].

Conclusion

This study examined the relationship of FPI, BMI and
ankle dorsiflexion with IMN and to the author’s best
knowledge is the only case-control study of this type in
the literature. No relationship was found between foot
type, BMI or IMN; nor was there an association between
the FPI and the interspaces affected by IMN. However,
there was a strong association between the presence of
IMN and a restriction of ankle dorsiflexion. The authors
suggest that future studies investigate the effect of the
management of ankle equinus on IMN treatment.
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and Without Morton’s Neuroma
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Abstract

Background: The aim of this research was to investigate the association of various structural measurements of the
forefoot with Morton’s neuroma (MN).

Methods: Weightbearing anteroposterior and lateral foot radiographs of subjects attending the University of Western
Australia (UWA) Podiatry Clinic and the first author’s private practice were included in this study. A single assessor
measured the following angles: lateral intermetatarsal angle (LIMA), intermetatarsal angle (IMA), hallux valgus angle
(HVA), digital divergence between the second and third digits (DD23), digital divergence between the third and fourth
digits (DD34) and relative metatarsal lengths of the first to fifth metatarsals (Metl-5), and the effect of MN size as
measured by ultrasonograph on digital divergence. Intratester reliability of all radiographic measurements was assessed
on all radiographic measurements. The study included 0] subjects, of whom 69 were diagnosed with MN and 32 were
control subjects without MN. The mean (* standard deviation) age of MN subjects was 52 (x15) years and for control
subjects, 48 (£12) years.

Results: When comparing all feet, there were no significant differences in the LIMA, HVA, IMA, digital divergence angles
and the relative metatarsal distances between subjects with MN and control subjects. No relationship between MN size
and digital divergence was found in either foot, or in either neuroma location.

Conclusion: We were unable to demonstrate any relationship in this study between radiographic metatarsal length
and angular measurements in a symptomatic MN group compared to a control group. In addition, we did not find any
correlation between the size of MN as measured from ultrasonographic images and radiographic evidence of digital
divergence.

Level of Evidence: Level lll, case control study.

Keywords: Morton’s neuroma, metatarsal length, radiographic measurements, digital divergence

symptoms associated with the condition were probably the
result of having a short first metatarsal that caused an overload
of the lesser metatarsals, thus traumatizing the common digi-
tal nerve.”” Patients with short and hypermobile first rays are
observed to have higher plantar pressures beneath the second
metatarsal, leading to transfer metatarsalgia.'”* Other factors
are also discussed in the literature, such as the presence of

Introduction

Morton’s neuroma (MN) is a painful condition in the fore-
foot caused by swelling of the common digital plantar nerve
to the affected interspaces.”® Most literature indicates the
nerve enlarges and becomes fibrosed as a result of repetitive
trauma.'*'*** The diagnosis of MN has traditionally been
based on clinical signs and symptoms. Pastides et al in a
prospective study of 36 patients with histopathology-con-

firmed diagnosis of MN found Mulder’s click to be the most
sensitive clinical sign (98%).”" In recent years, physicians
often use the imaging modalities of MRI and ultrasonogra-
phy to confirm the diagnosis. According to a recent system-
atic review, ultrasonography was more accurate than MRI in
diagnosing MN with 90% sensitivity and 88% specificity.*

Injury to the nerve has been attributed to foot morphology,”
ankle equinus,’ and possibly the relative metatarsal lengths.*
Recently, metatarsal shortening osteotomies have been rec-
ommended to decompress MN.*** Morton believed the
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Table I. The Interspaces Affected With Morton’s Neuroma
for Right, Left, and Both Feet.

2/3 3/4 Both
Interspace  Interspace Interspaces Total
Right foot only 13 12 0 25
Left foot only 12 13 8 33
Both feet 4 | 6 I
Total 29 26 14 69
Right foot total 17 13 6 36
Left foot total 16 14 14 44

hallux valgus deformity and dorsiflexed first ray.'”*** These
potentially increase the pressure under the lesser metatarsal
heads, which may lead to MN formation.

One phenomenon that can be seen radiographically in
the assessment of patients with MN is digital divergence.
This can conceivably occur as a result of enlargement of the
bursa-neuroma complex, which may place pressure at the
base of the affected proximal phalanges.'®***° Digital diver-
gence can also be seen in other pathologies such as digital
contractures and plantar plate ruptures, which are normally
ruled out as differential diagnoses when assessing MN.
Grace et al did not find any relationship between MN and
digital divergence.'® However, their study did not include
data on the size of the neuromas or on the interspaces that
were affected by the divergences.

There are no published studies that compare MN patients
with control subjects in terms of the metatarsal parabola and
radiographic measurement. The aim of this research was to
evaluate various structural measures in the forefoot of
patients with MN.

Methods

Weightbearing anteroposterior (AP) and lateral foot radio-
graphs of subjects attending the University of Western
Australia (UWA) Podiatry Clinic as well as R.N.’s private
practice were used in this study. One hundred and one sub-
jects (69 with MN diagnoses and 32 controls) were recruited
to the study, which was part of a larger research project
investigating the etiology of MN. This research project was
approved by the Human Research Ethics Committee of
UWA (File reference no. RA/4/1/2543). All participants
consented to the use of their radiographs for this study. The
mean (£ standard deviation) age of MN subjects was 52
(£15) years and for control subjects, 48 (+12) years. The 69
MN subjects had 80 affected feet; the right foot was affected
in 36 subjects and the left foot in 44 subjects. The number
of interspaces affected for both right and left feet of MN
subjects is shown in Table 1.

Inclusion criteria for MN subjects were a minimum of
6-month history of neuroma symptoms, a clinically dem-
onstrated painful Mulder’s click with ultrasonographic

confirmation of MN. Ultrasonographic diagnosis of MN
was made by an experienced musculoskeletal radiologist
and assessed on both transverse and longitudinal axes as an
abnormal ovoid hypoechoic thickening corresponding to
the location of maximum tenderness.'' Each MN subject
was clinically examined by the corresponding author and
by an experienced musculoskeletal radiologist to rule out
any other source of pain such as capsulitis and lesser meta-
tarsal phalangeal joint instability such as plantar plate
pathology. The inclusion criterion for control subjects was
a negative history of MN or neuroma-like pain in the fore-
foot. Exclusion criteria for both neuroma and control
groups were any previous history of surgery to the lower
extremity, any proximal nerve entrapment at the level of
the ankle, knee, hip, or back; any history of significant
trauma to the forefoot area (including plantar plate pathol-
ogy); metatarsus adductus greater than 15°; any difficulty
in walking or standing; diabetes; or a history of systemic
arthritis.

A single assessor performed the radiographic measure-
ments for each patient using standard weightbearing AP and
lateral radiographs. The following angles were measured:
lateral intermetatarsal angle (LIMA), intermetatarsal angle
(IMA), hallux valgus angle (HVA), digital divergence
between the second and third digits (DD23), digital diver-
gence between the third and fourth digits (DD34), and rela-
tive metatarsal lengths of the first to fifth metatarsals
(Met1-5). All radiographic measurements were performed
via an InteleViewer System computer program (http://www.
intelerad.com/en/products/inteleviewer/). Intratester reli-
ability of all radiographic measurements was assessed on
radiographs from 5 randomly selected subjects. These were
reassessed 1 week after the initial measurements had been
made and established the test-retest reliability of the radio-
graphic measurements used in the study.

The LIMA was determined from the weightbearing lat-
eral radiograph by placing a tangential line over the central
portion of the dorsal cortex of the first and second metatar-
sal shafts. The angle between the 2 tangential lines was
measured as described by Bryant et al (Figure 1).” If the
lines diverged distally the value was positive, and if the
lines converged it was given a negative value.

The HVA angle was formed by bisecting the proximal
phalanx and the first metatarsal, and measured as described
by Gerbert (Figure 2).'° The IMA was formed by the bisec-
tion of the first and second metatarsal (Figure 2).

The digital divergence angles (DD23 and DD34) were
formed by bisecting the proximal phalanges of the second,
third, and fourth digits. The angles between these bisection
lines were measured to assess the relative divergence of the
digits on the affected interspaces (Figure 3).

The relative metatarsal distances were measured by using
the Maestro technique (Figure 4).** The reliability of this
measurement technique has been favorably reported in the
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Figure |. Radiograph demonstrating Lateral intermetatarsal
angle (LIMA).

Figure 2. Hallux valgus and intermetatarsal angles.

literature.'? First, the M1 axis, defined as the “axis of the
foot,” was drawn from the midpoint of the medial talar head
to the distal lateral aspect of the calcaneocuboid joint. Next
the SM1 line was drawn perpendicular to the M1 axis such
that it bisected the fibular sesamoid. A line was then drawn
parallel to the SM1 line tangentially to the apex of the head
of the second metatarsal called the SM2 line. The purpose of
having SM2 was to measure the distance of all metatarsals

Figure 3. DD23 and DD34 measurements. DD23, digital
divergence between the second and third digits; DD34, digital
divergence between the third and fourth digits.

relative to the second metatarsal. The relative length of each
metatarsal was the measurement of the perpendicular line
drawn from the apex of each metatarsal to the SM2. If the
perpendicular line was above SM2, the value was assigned
as negative, whereas if below, a positive value was given.

The intraclass correlation coefficient (ICC) for the
LIMA, IMA, DD23, and DD34 angles and the metatarsal
distance measurements ranged between 0.95 and 0.99, val-
ues that are considered to be excellent.”

The size of MN was based on measurements from the
transverse ultrasonographic image as reported by radiology
reports. Only participants with a transverse view measure-
ment were included in this study.

Data were entered into Microsoft Excel and exported
to IBM SPSS Statistics v23 for analyses. Independent
sample ¢ tests were used to compare the angle and dis-
tance measurements between the MN and control groups.
Right and left feet were analyzed separately to ensure
data were independent. In addition, metatarsal length
measurements of subjects with single neuromas were
compared to those of control subjects. For these analyses,
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Figure 4. Maestro technique to assess relative metatarsal
lengths.

as well as distinguishing between right and left feet, the
second and third interspaces were evaluated separately.
Mann-Whitney U tests (MWU) were performed to take
into account the reduced sample sizes and the non-nor-
mality of the distributions of some of the measurements.
Spearman rank correlation coefficients were used to
assess relationships between neuroma size and digital
divergence. Feet with both the 2/3 and 3/4 interspaces
affected were not included as increased divergence in one
interspace may have affected the divergence in the adja-
cent interspace.

As insufficient data were available before this study to
allow sample size calculations, retrospective power cal-
culations were conducted using PS: Power and Sample
Size Calculation."” No mathematical correction was made
for testing multiple associations. Instead, all results
including 95% confidence intervals and P values <.05 are
reported.

Results

When comparing all feet, there were no significant differ-
ences in the LIMA, HVA, IMA, digital divergence angles,
and the relative metatarsal distances between subjects with
MN and control subjects (Table 2).

Second Interspace Measurement Comparison

In the left foot there was a significant difference in the
IMAs of the MN subjects compared to the control subjects
(mean 10.7 vs 8.2, MWU P =.02; Table 3). In the right foot
there was a significant difference in the mean of the fifth
metatarsal length of the MN subjects compared to control
subjects (mean 3.1 vs 2.7, MWU P = .01). In the left foot
the DD34 angles of the MN and control subjects differed
significantly (mean 2.0 vs 4.1, MWU P = .02), and in the
right foot similar differences were seen (mean 0.9 vs 4.4,
MWU P <.001).

Third Interspace Measurement Comparison

In the left foot there was a significant difference in the Met4
of the MN subjects compared with the control subjects
(mean 1.3 vs 1.5, MWU P = .02; Table 3). Similarly, in the
right foot the Met3 and Met4 lengths of the MN and control
subjects differed significantly (mean 0.4 vs 0.5, MWU P =
.03, and mean 1.1 vs 1.3, MWU P = .02, respectively).

The average MN size was 7.5 mm (range 3-12 mm) in
transverse section as measured on ultrasonograph. No rela-
tionship between MN size and digital divergence was found
in either foot, or in either neuroma location (Table 4).

Discussion

Metatarsal shortening osteotomy for “decompression” of
MN was introduced by Park et al in 2013.*° They retrospec-
tively compared the outcomes for deep transverse metatar-
sal ligament (DTML) release in 46 MN patients with those
of 40 MN patients who underwent both DTML release and
shortening of a lesser metatarsal using a Weil osteotomy. In
their preoperative evaluation of patients, metatarsal lengths
were measured according to the technique described by
Maestro et al. A Weil shortening osteotomy was performed
on the longer metatarsal adjacent to the affected interspace.
Outcomes were measured using the Foot Function Index
and the American Orthopaedic Foot & Ankle Society
Forefoot Score. The outcomes for the group that received
DTML release with Weil osteotomy were significantly bet-
ter than those of the group that received DTML release only.
There are no published case-control studies that evaluated
the relative metatarsal lengths of patients with MN com-
pared to a control group. We therefore undertook this study
using the radiographic measurements described by Maestro
et al in order to explore the validity of performing a lesser
metatarsal osteotomy for MN. We found no significant dif-
ferences in the relative lengths of metatarsals between the
feet of MN and control subjects. However, some unusual
findings were made for the single interspace comparisons
with controls. These may be due to chance, however, and
due to the relatively small sample size.
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Table 2. Comparison of Radiographic Measurements Between MN and Control Groups by Foot Affected.

MN (L) Control (L) MN (R) Control (R)

(n=43) (n=32) P Value® (95% Cl) (n=37) (n=32) P Value® (95% Cl)
LIMA 03+30 -02 21 0.45 (-0.77, 1.72) 0.6 %19 0.1 £22 0.26 (0.44, 1.57)
HVA 134+72 11372 0.28 (-1.78, 5.94) 13.0+9.1 10.6 +7.1 0.22 (-1.50, 6.41)
IMA 9.6 £33 82+25 0.05 (-0.02, 2.76) 8.6 £3.1 8028 0.40 (—0.82, 2.00)
DD23 77+60 5.6 £45 0.07 (-0.33, 4.68) 7.0£5.1 5.1£47 0.11 (—0.45, 4.26)
DD34 3.6+39 4137 0.60 (-2.25, 1.32) 30£37 44140 0.15 (-3.18, 0.52)
Metl 0302 02+06 0.66 (-0.14, 0.23) 02+04 03+03 0.59 (-0.20, 0.11)
Met3 05+02 06+02 0.64 (-0.11, 0.07) 05+02 05+02 0.49 (—0.06, 0.13)
Met4 1.4+04 1.5+02 0.45 (-0.18, 0.08) 1.4+04 1.3+03 0.45 (—0.09, 0.21)
Met5 29+05 29+03 0.88 (-0.19, 0.17) 29+05 27+03 0.16 (—0.05, 0.33)

Abbreviations: MN, Morton’s neuroma; L, left; R, right; Cl, confidence interval; LIMA, lateral intermetatarsal angle (degrees); HVA, hallux valgus angle
(degrees); IMA, first and second intermetatarsal angle (degrees); DD23, digital divergence between second and third toes (degrees); DD34, digital
divergence between third and fourth toes (degrees); Metl, relative first metatarsal length (cm); Met3, relative third metatarsal length (cm); Met4,
relative fourth metatarsal length (cm); Met5, relative fifth metatarsal length (cm);

*P value reported by independent sample t tests.

Table 3. Comparison of Radiographic Measurements in Subjects With MN in the Second and Third Interspaces, Right and Left Foot
(see Table 2 for Control Values).

2/3L P Value MWU 2/3R 3/4L 3/4R

(n=16) (95% Cly (n=17)  PValue 95%Cl)  (n= 14) P Value (95% Cl) (=12 P Value (95% Cl)
LIMA -03+43 024(-194,172) 10+19 017(-222,036) 0316  030(-0.82 1.71) -0.1+23 059 (-1.31, 1.69)
HVA 15297 0.12(-1.12,883) 150£85 009(-9.01,0.13) [1.7+55  077(-3.92,478) 124+ 102  0.90 (~7.30, 3.65)
IMA 10735 0.2 (0.70, 4.25) 87+24 042(-231,090) 88+23  070(-1.052.12)  9.0141  0.63(-3.28, 1.05)
DD23  9.0+72 005(-067,746) 7.6+47 O0.11(-533,032) 49+46  062(-354,230) 4942  0.74(-2.90,3.32)
DD34 2027 002(-4.1,005  09+29 000l (1.29,570)  47+47  085(-1.99,323) 6430 0.7 (-4.60,0.5)
Metl 0302 061 (19,039  0.1+03 010(-041,035) 030!  090(-024,037) 0303 057 (-0.26,0.15)
Met3  05+02 045(-0.12,0.100 06+02 0.10(-020,001) 04+02 007 (-0.23,0) 04+02 003 (=0.02,0.2l)
Met4  1.5+03 098(-0.11,021) 15+03 005(-036,-002) 13+03 002 (-0.35,0) I1£03  0.02(0.02 0.38)
Met5  30+05 040(-0.11,035  3.1+£04 00l (-053,-0.13) 27+05  0.17(-038,008) 2504 0.8 (0.05 0.47)

Abbreviations: 2/3L, second interspace mean and standard deviation left foot; 2/3R, second interspace mean and standard deviation right foot; 3/4L, third interspace mean
and standard deviation, left foot; 3/4R, third interspace mean and standard deviation right foot); Cl, confidence interval; MWU, Mann-Whitney U test.

selected on a subjective basis and none had a confirmed
diagnosis of MN. The increase in pressure under the lesser

Table 4. Correlation Between MN Size and Digital Divergence.

Foot Position n r PValue  etatarsals in this elderly group can perhaps be explained
Right 2/3 13 0.370 021 by fat pad atrophy and stiffness of the forefoot.”*
3/4 1 0.135 0.69 Kaipel et al’? did not find any relationship between
Left 2/3 12 0.184 0.57 increased metatarsal length and plantar pressure in 91 patients
3/4 12 -0.047 0.88 with and without forefoot pain. They prospectively followed

2 groups of patients (51 feet in each group) with and without
metatarsalgia, measured the relative metatarsal lengths using
the Maestro et al technique, and performed plantar pressure
measurements on an EMED-SF1 platform. These workers
reported that relative metatarsal length had no effect on peak
pressure or peak force. Their findings question the rationale

Menz et al evaluated relative metatarsal lengths using
the Maestro technique in older people with forefoot pain
(n = 40) and in a control group of older patients with no
forefoot complaint (n = 70).”° They found no association

between pain in the forefoot and relative metatarsal lengths.
However, using a MatScan system they found the peak
plantar pressure under metatarsals 3 to 5 was significantly
higher compared to the control group. They also observed a
weak negative correlation between pressure in the forefoot
and metatarsal length. Patients with forefoot pain were

of performing shortening osteotomies such as Weil osteot-
omy for the management of metatarsalgia.

Morton was the first to propose that hypermobility of the
first ray resulting from a short first metatarsal and/or dorsal
extension of the first metatarsal can lead to the lateral trans-
fer of load to metatarsals 2 to 5.”** This phenomenon,
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known as “first ray insufficiency,”®** can lead to increased

pressure in the lesser metatarsal area, and Morton suggested
this could predispose to MN formation.'®**** Breusch et al
reported MN development following Wilson osteotomy,
which significantly shortens the first metatarsal.® Bauer
et al also reported that short length of the first metatarsal is
arisk factor for recurrence of MN after open neurectomies.
However, using a technique first described by Hardy and
Clapham, Grebing and Coughlin measured the relative dif-
ference in lengths of the first and second metatarsals for 46
control, 53 hallux valgus, 54 hallux rigidus, and 49 MN
patients. They found no correlation between shortness of
the first metatarsal and hypermobility of the first ray in all
groups investigated.'® Similarly, our study found no signifi-
cant difference between the MN and control groups with
regard to the first metatarsal lengths or the relative lengths
of the first and second metatarsals. Collectively, these find-
ings question Morton’s belief that short first metatarsals
cause MN formation.

Measurement of the LIMA was used to evaluate the rela-
tionship between first ray dorsiflexion and MN formation.
We used the LIMA to determine whether the dorsal cortex
of the first metatarsal was more elevated in relation to the
second metatarsal on weightbearing lateral view of sub-
jects. In our study, even though the first metatarsal was
more elevated in the MN group the differences were not
statistically significant. Roukis reported LIMA measure-
ments of MN patients (n = 50) and compared them to a
group of patients with hallux rigidus, hallux valgus, and
plantar fasciitis.*> He found that LIMA in the hallux rigidus
group was significantly greater than in other groups, includ-
ing MN. Horton et al also measured first ray elevation using
a different technique in 3 groups of patients with hallux
rigidus (n = 146), asymptomatic controls (n = 50) and MN
group (n = 64).%° They reported no difference between the
groups with respect to elevation of the first metatarsal head.
Based on the review of the literature and on our present
findings, a significant relationship between MN and first
ray dorsiflexion cannot be demonstrated.

A limitation of measuring the LIMA is that the weight-
bearing lateral view depicts the foot during midstance.”
The pathological forces in MN are most likely caused dur-
ing propulsion when maximum force is applied to the fore-
foot. During initial and final propulsion, strong forces are
applied to the metatarsal heads." Future studies should
investigate radiographically the change in first ray dorsi-
flexion from midstance through propulsion in order to
assess the role of the first ray in transferring load to the
forefoot.

Lateral shifting of the hallux and increases in the IMA
have been described as possible causes of forefoot
symptoms.*'*?4414 Dietze et al performed a radio-kine-
matic and pedobarographic study and found that in 8
patients with HVA and first ray instability, there was a

significant increase in force transfer to metatarsals 2 to 4.
This transfer of force may cause overload to the forefoot
and result in MN formation. Waldecker studied the plantar
loading patterns in 50 patients with hallux valgus (HV) and
metatarsalgia and in 50 patients with HV and no forefoot
symptoms.** He found a significant increase in peak pres-
sure from medial to lateral across the forefoot in patients
with HV and forefoot pain. He explained this load transfer
as a possible lack of the windlass mechanism which can
occur as a result of increase in hallux valgus and increase in
varus rotation of the first ray. In our study, we compared the
HVAs and IMAs between the MN and control groups and
found no significant differences.

To our knowledge, the only case control study on digital
divergence was published in 1993 by Grace et al.”” These
workers did not find a significant increase in digital diver-
gence in MN subjects (n =48) compared to normal subjects
(n=100). Their study did not state the size of the neuromas,
nor did they report the divergence angles of the second and
third interspaces separately. We found no significant differ-
ences in the DD23 and DD34 angles between MN and con-
trol groups. Based on the data available, we found no
correlation between size of the MN and digital divergence.

One limitation of our study relates to statistical power.
Retrospective calculations indicate the study had a power
between 0.54 and 0.78 to detect differences of 2 mm in Met
measurements, and a minimum power of 0.83 to detect a
difference of 5 degrees in angle measurements when all MN
and control subjects were compared. However, for the sin-
gle interspace and digital divergence analyses, the sample
size and hence statistical power was reduced. Another limi-
tation of our study may be that females were approximately
twice as frequent in our MN group. However, this repre-
sents the normal demographic presentation of MN as indi-
cated by the 3-fold higher rate of hospital admission for MN
among females in Australia compared to males.” Another
potential limitation is the use of 2-dimensional weightbear-
ing AP radiographs when examining the metatarsal length.
It would also be important to assess sagittal plane measure-
ments of metatarsals when investigating increased pressure
of the forefoot as an etiology of MN, as suggested by Bauer
et al.* Future studies could conceivably measure coronal
images of the transverse arch to assess the relative height of
the metatarsals relative to the ground. As recommended by
some statisticians,>® no statistical correction was made for
multiple testing and instead all results are reported. Thus,
some of the significant associations observed here could be
due to chance.

Conclusion

In conclusion, we were unable to demonstrate any relation-
ship between metatarsal length and MN formation in symp-
tomatic MN patients compared to a control group. Therefore,
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based on these results and in the absence of an irregular
lesser metatarsal parabola, it is difficult to justify metatarsal
shortening procedures as a routine surgical treatment of MN.
Furthermore, we found no correlation between the sizes of
MN estimated using ultrasound images and radiographic
evidence of digital divergence. Lastly, we found no relation-
ship between first ray dorsiflexion or shortness of the first
metatarsal and presence of MN, which questions the validity
of Morton’s early thoughts on the etiology of MN.
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