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Abstract 

Morton’s syndrome is a foot condition where the 1
st
 metatarsal does not protrude as far distally as 

the 2
nd

 metatarsal.  Clinicians believe that short 1
st
 metatarsal protrusion affects foot mechanics and leads 

to painful conditions of the foot.  Normal protrusion ratio of the 1
st
 and 2

nd
 metatarsal has not been 

delineated in scientific literature, and little is known about the mechanics of feet with short 1
st
 metatarsal 

protrusion beyond anecdotal clinical evidence.  In the first part of this two-part study, a novel tool was 

developed to guide metatarsal measurement and reduce measurement error so values for normal 

metatarsal protrusion ratios could be established.  In the second part, subjects were divided into those with 

shorter and longer than average 1
st
 metatarsal protrusion ratio and we measured if there were any 

differences in the foot-floor forces between the two groups.  

In Part 1, the feet of 65 healthy subjects were measured with a novel measurement tool and it was 

determined that the average ratio (1
st
 metatarsal/2

nd
 metatarsal) was 0.902, suggesting a 1

st
 metatarsal that 

does not protrude as far distally as the 2
nd

 metatarsal.  For Part 2, participants were divided into two 

groups: the short 1
st
 metatarsal group had a ratio of more than one standard deviation below the mean 

(0.866 or lower) while the control group had a metatarsal ratio of more than one standard deviation above 

the mean (0.938 or higher).   

We hypothesized that short 1
st
 metatarsal protrusion would cause an imbalance across the forefoot 

because the 1
st
 metatarsal would not be able to carry the required load on the medial side of the foot; 

however, the results of the gait study did not show this as only forces in the walking direction near toe-off 

correlated with metatarsal protrusion ratio.  We can only speculate as to the relationship between the 

metatarsal protrusion ratio and increased shear force in the walking direction, but it is possible that to 

compensate for the diminished stabilizing capacity of the shorter 1
st
 metatarsal, the foot must push off 

with more force to propel the body forward. 
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Chapter 1 

Introduction 

Morton’s syndrome is a foot condition that is believed to be a congenital skeletal abnormality 

(Morton, 1927).  The condition is characterized by a short 1st metatarsal shaft, which often appears as a 

short big toe, although the clinical definition is simply that the 1
st
 metatarsal-phalangeal (MTP) joint is 

proximal to the 2
nd

 MTP joint in the sagittal plane.  Clinicians believe that the consequences of a short 1
st
 

metatarsal protrusion (and by relation, a longer 2
nd

 metatarsal protrusion) are altered biomechanics in the 

late-stance phase of gait, as the re-supination and propulsion processes will be altered by the 1
st
 

metatarsal’s inability to support the medial side of the forefoot and to plantarflex during propulsion.   

This condition is named after Dudley J. Morton, a doctor who practiced medicine and performed 

research in the early 1900s.  It is considered a syndrome as Morton believed that a hypermobile 1
st
 ray 

and 2
nd

 metatarsal hypertrophy would result from uneven protrusion of the 1
st
 and 2

nd
 metatarsals.  He 

contended there were grave consequences to having a short 1
st
 metatarsal, including disordered foot 

mechanics and pain of the 2
nd

 metatarsal.  The assumption by clinicians is that the altered forefoot 

mechanics predispose feet with a shorter protruding 1
st
 metatarsal to bunion (hallux valgus) formation, 

and the excessive stress on the 2
nd

 metatarsal predisposes athletes to 2
nd

 metatarsal stress fractures.  These 

assumptions are based on several theories about the consequences of a shorter protruding 1
st
 metatarsal 

that Morton developed based on trials he performed in his clinic (Morton, 1935; Morton, 1937).  

Morton’s theories were tested mostly on young, healthy college students (Morton 1935; Rodgers & 

Cavanagh, 1989) using the rudimentary equipment available to him in the early 1900s.  Despite some 

evidence disputing his assumptions (Harris & Beath, 1949; Drez et al., 1980) foot practitioners continue 

to rely on the assumption that feet with short 1
st
 metatarsal protrusion are biomechanically different from 

normal feet based on Morton’s theories from the early 1900s (see this website for an example: 

http://www.footcare4u.com/category/foot-ailments-treatments/common-foot-ailments/mortons-toe/). 
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Figure 1-1. The picture on the left depicts normal metatarsal alignment. The 1
st
 and 2

nd
 joints are 

relatively even in the sagittal plane. The picture on the right shows a Morton's foot with short 1
st
 

metatarsal protrusion relative to the 2
nd

. 

 

Morton believed that the ideal foot for optimal human movement was based upon two axes that 

crossed the forefoot (Morton, 1927).  Propulsion in the sagittal plane would occur about an “axis of 

leverage” that would function optimally if the 1
st
 and 2

nd
 metatarsals protruded equally in the sagittal 

plane.  Short 1
st
 metatarsal protrusion would cause forefoot pressure to be concentrated on the 2

nd
 

metatarsal as the MTP joints dorsiflexed in propulsion, which he thought would make these feet more 

prone to stress on the central metatarsals and cause 2
nd

 metatarsal hypertrophy.  Morton also believed that 

frontal plane motion should occur about an “axis of balance” that ran from the heel to an area between the 

2
nd

 and 3
rd

 metatarsals.  The weight of the body is borne by the metatarsals and toes in propulsion, so a 

shorter 1
st
 metatarsal lever arm will not be able to produce as much torque.  As a result, the 1

st
 metatarsal 
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would not be able to carry the required load on the medial side of the foot and the 1
st
 ray would not 

plantarflex properly in propulsion and over time would become hypermobile (excessive dorsal range of 

motion).  This would cause the center of pressure (COP) to deviate medially and have consequences 

through the entire kinetic chain on the ipsilateral side, such as reduced external rotation of the tibia in 

propulsion. 

 

 

Figure 1-2. Morton's "Axis of leverage".  In a normal foot the axis passes through the 1
st
 

and 2
nd

 MTP joints. In a Morton's foot the axis passes through the 2
nd

 and 3
rd

, while the 1
st
 

MTP joint is proximal to the axis. 
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Figure 1-3. Morton's "Axis of balance".  In a normal foot the axis passes between the 2
nd

 

and 3
rd

 metatarsals.  In a Morton’s foot, it passes between the 1
st
 and 2

nd
 due to shorter 1

st
 

metatarsal protrusion.  This displaces the center of pressure medially. 

 

Morton’s theories have generally been accepted by foot practitioners as orthotic devices are 

frequently prescribed to compensate for a short 1
st
 metatarsal (Schuler, 2009).  Clinicians have propagated 

Morton’s theories because the theories are intuitive.  Clearly, if the 1
st
 MTP joint is located more 

proximal than the 2
nd 

then the lever arm of 1
st
 ray (the 1

st
 metatarsal and medial cuneiform – see Figure 

2.4) is shorter. The consequence of the short 1
st
 ray lever arm is reduced stability to the medial side of the 

foot.  The suggestion is that the proximal location of the 1
st
 MTP joint causes the 1

st
 MTP to dorsiflex 

earlier in the gait cycle, and the 2
nd 

MTP and those of the lesser toes to dorsiflex later, which causes the 

foot to pronate in the propulsion phase, rather than supinating.  Therefore, the weight of the body in 

propulsion is borne mostly by the 2
nd 

metatarsal and hallux instead of the 1
st
 metatarsal which is purported 

to be the main lever in propulsion (Hayafune et al., 1999).  In addition, it is believed that as the force 
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shifts from the 2
nd 

metatarsal to the hallux, by-passing the 1
st
 metatarsal, the metatarsals experience an 

increased shear force, causing increased stress on the 2
nd

 metatarsal.  It is also assumed that a foot that 

does not re-supinate properly in the propulsion phase will experience an adductory force on the hallux 

causing it to deviate medially (hallux valgus).  Many physicians and foot practitioners feel that orthotic 

intervention is necessary to control the abnormal biomechanics of feet with Morton’s syndrome, in spite 

of the fact that there is little scientific literature specifically examining the kinetics and kinematics of 

these feet.  Furthermore, there is no clear definition of how short the 1
st
 metatarsal has to be to adversely 

influence gait which compounds this dearth of information.  Despite the assumptions made by foot 

practitioners, it must be determined scientifically whether there is justification for treating these feet with 

specific interventions in a clinical setting.  The purposes of this study were to identify feet with an 

abnormally short protrusion of the 1
st
 metatarsal by establishing norms for a healthy population; and to 

investigate the ground reaction forces occurring in these feet from mid-stance to toe-off as compared to 

the forces in a control group of subjects with a relatively long protruding 1
st
 metatarsal.   
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Chapter 2 

Literature Review 

 

2.1 Normal foot anatomy 

Although humans are bipedal, they must be able to balance on one foot during part of the gait 

cycle, therefore, the foot must be constructed to support the entire weight of the body while absorbing 

shock, propelling the body forward, and being able to adapt to different terrains simultaneously.   In most 

feet, the heel, the 5
th
 metatarsal bone, the heads of metatarsals 1 through 5, and the toes are weight-

bearing structures, while the rest of the foot is suspended in the air by muscles and ligaments and through 

the interlocking of the facets of the bones in the mid- and hindfoot (Nordin & Frankel, 2012).  In studies 

examining forefoot mechanics it is important to understand how the foot manages to act both as a flexible 

shock absorber and also a rigid lever as the forefoot moves in both the frontal and sagittal planes.  In 

early-stance the foot pronates as the subtalar joint everts, and in mid- and late-stance the subtalar joint 

inverts which locks the talo-navicular and calcaneo-cuboid joints, rendering the midfoot stiffer (Perry & 

Burnfield, 2010).  The re-supinating foot allows the 1
st
 metatarsal to plantarflex and causes the foot to 

become rigid in order to propel the body via the metatarsals (Kirby, 2000).   

The task of transitioning from shock absorption to propulsion is managed by several soft tissue 

structures.  The most important shock absorbing ligaments are the long and short plantar ligaments, the 

spring ligament and the plantar fascia (Huang et al., 1993).  These ligaments provide intrinsic passive 

support to the foot, while the intrinsic muscles provide active support, by resisting elongation of the foot 

in pronation and aiding shortening of the foot in re-supination (Perry & Burnfield, 2010).  Extrinsic active 

support is performed by the tibialis posterior and tibialis anterior that resist eversion of the foot in early-

stance and invert the foot in mid-stance.  The tibialis anterior controls the medial longitudinal arch in 

early-stance as it holds the foot in a supinated position at heel strike, while the tibialis posterior controls 
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medial arch motion, as it first resists eversion of the subtalar joint in early-stance and then inverts the 

subtalar joint in mid-stance (Perry & Burnfield, 2010).  Inversion of the foot and plantarflexion of the toes 

are in part performed by flexor hallucis longus and flexor digitorum longus.   The peroneus brevis resists 

excessive inversion at heel-strike, and the peroneus longus muscle stabilizes the lateral foot and medial 

longitudinal arch in mid- and late-stance by plantarflexing and everting the 1
st
 metatarsal bone (Perez, 

2008).   

The metatarsal bones are the link between the shock absorbing and propulsion phases of gait 

(Lippert, 2011).  The proximal end (base) of the metatarsal bones have several articulations with 

midtarsal bones (the lisfranc joints), and the distal (head) of the bones bears weight throughout mid-stance 

and propulsion.  The 4
th
 and 5

th
 metatarsals articulate with the cuboid bone and their neighbouring 

metatarsals.  The 3
rd

 metatarsal articulates with the lateral cuneiform bone and its neighbouring 

metatarsals.  The 2
nd

 metatarsal articulates at its base with the intermediate cuneiform, but has small 

articulations with the other two cuneiform bones, as well as the 1
st
 and 3

rd
 metatarsals.  The 2

nd
 metatarsal 

is the most stable metatarsal due to its recessed position between the cuneiforms (Chuckpaiwong et al., 

2007).  The 1
st
 ray is comprised of the 1

st
 metatarsal and medial cuneiform and forms the anterior aspect 

of the medial longitudinal arch.  The heads of the metatarsals form a large part of the weight-bearing 

surface of the forefoot and are arranged in a slight parabola, with the 1
st
 and 2

nd
 metatarsals usually 

protruding furthest and the 5
th
 protruding the least.  Figure 2-1 shows the normal alignment of the 

metatarsal bones.  It is important to note the distinction between metatarsal protrusion and actual 

metatarsal bone length.  Figure 2-2 from Dogan et al. (2007) illustrates that the 5
th
 metatarsal is actually 

the longest bone and the 1
st
 metatarsal is the shortest bone, while Figure 2-1 shows that the 2

nd
 metatarsal 

protrudes furthest distally.  Metatarsal protrusion is the most relevant measure when discussing foot 

biomechanics as the metatarsal bone length measurement does not describe its functional position; the 

length of the bone is recorded, but not its position in the sagittal plane. 
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Figure 2-1.  X-ray of the foot showing bone length and protrusion of metatarsals.  The 

metatarsals are arranged in an arc with the apex at the 2
nd

 metatarsal-phalangeal joint. 

 

 

Figure 2-2. Absolute bone length for metatarsals and toes.  N=100 Men and N=100 Women.  See 

Table 2-1 for data.  (Reproduced from Dogan et al., 2007). 
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Table 2-1. Average metatarsal length for men and women. N=100 men and 

N=100 women. Mean metatarsal length (mm) and standard deviation (SD). 

(Reproduced from from Dogan et al., 2007). 

 Male  Female 

    

 Mean SD  Mean SD 

Met 1 62.7 ±4.08  56.35 ±3.13 

Met 2 72.0 ±4.72  68.31 ±3.51 

Met 3 71.6 ±4.99  68.24 ±3.30 

Met 4 70.8 ±4.93  67.53 ±3.20 

Met 5 72.1 ±5.55  68.56 ±3.19 

 

2.2 Morton’s foot anatomy 

In a normal foot, the metatarsal heads are arranged in a parabola with the 2
nd

 metatarsal 

protruding slightly distally.  A foot with Morton’s syndrome is considered to have an abnormally short 1
st
 

metatarsal, which changes the shape of the parabola so that the 2
nd

 metatarsal protrudes visibly further 

than the 1
st
.  Figure 2-3 shows a normal foot, and a foot with a short 1

st
 metatarsal for comparison.   

a)   b)    

Figure 2-3.  a) Normal metatarsal protrusion. b) Morton’s metatarsal 

protrusion.  In b) the slope of the curve of the parabola is much greater due to 

the more proximal position of the 1
st
 metatarsal head. 
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A more precise definition for Morton’s syndrome does not exist in the literature, due to the vast 

number of measurement techniques, both using manual measurements and x-ray measurements.  The 

results from any study calculating metatarsal protrusion must be considered carefully, as the examiners 

employ myriad methods to measure the length and protrusion of the metatarsal bones.  The discrepancies 

in measurement technique can make it difficult to compare the results of one study to another.  There are 

tools for standardizing the measurement of many of other foot structures.  For instance, arch height can be 

classified using the Arch Height Index (Butler et al., 2008) and inter-metatarsal angle can be clearly 

defined with a simple measurement of the angle between the 1
st
 and 2

nd
 metatarsal bones (Kitaoka et al., 

1994) and the results of these studies can be compared to the results of other studies using the same 

measurement technique.  Unfortunately, a standard measurement tool for measuring metatarsal protrusion 

and classifying feet as having Morton’s syndrome does not exist.  Consequently, there is no clear 

delineation of when a 1
st
 metatarsal is considered short, and how the metatarsal relationship is to be 

described (a relative metatarsal protrusion ratio, or the absolute bone length).   

The lack of a clear definition has led some authors to dispute that Morton’s syndrome exists at all.  

While clinical texts (Travell,1992; Schuler, 2009) and Internet websites (http://www.integrative-

healthcare.org/mt/archives/2010/12/mortons_toe_one.html) refer to 10-30% of feet having Morton’s 

syndrome, Coughlin and Jones (2007b) believe that the real number is closer to 4-5%.  Studies have used 

such a variety of measurement techniques and reporting styles that it is difficult to extrapolate to a general 

population how many people are born with an abnormally short protruding 1
st
 metatarsal and whether 

Morton’s syndrome exists as a significant condition, or if the metatarsal protrusion abnormality is simply 

part of natural variability.  Looking to published literature for normal metatarsal length values can be 

confusing.  Chuckpaiwong et al. (2007), Dogan et al. (2007), Davitt et al. (2005), and Drez et al. (1980) 

found that the absolute bone length ratio of their subjects was approximately 80% (1
st
 metatarsal 

length/2
nd

 metatarsal length).  As previously noted, however, the 1
st
 metatarsal bone is always shorter than 

the 2
nd

, so this information does not give an indication of the functional difference between the 

http://www.integrative-healthcare.org/mt/archives/2010/12/mortons_toe_one.html
http://www.integrative-healthcare.org/mt/archives/2010/12/mortons_toe_one.html
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metatarsals in these feet.  Takakura (1997) reported that normal protrusion ratio was 86% but they did not 

cite any sources nor provide a measurement technique in their study.   Using a sophisticated technique for 

measuring metatarsal protrusion, Maestro et al. (2003) (see Figure 2-6) found that approximately 30% of 

subjects had a long 2
nd

 and 3
rd

 metatarsal, which implies that the 1
st
 metatarsal protrusion was shorter than 

the 2
nd

 and 3
rd

, and a study by Deleu (2010) validating the Maestro et al. technique found that 3% of 

subjects had a 1
st
 metatarsal that protruded the least and 15% had a 2

nd
 and 3

rd
 metatarsal that protruded 

furthest.  Both of these studies contained several feet with a relatively short protruding 1
st
 metatarsal but 

neither referred to the majority of these feet as having a significant deficit in the 1
st
 metatarsal (they 

considered the difference in protrusion due to a long 2
nd

 or 3
rd 

metatarsal rather than a short 1
st
 metatarsal 

bone).  These authors also simply reported which metatarsals protruded furthest but did not quantify this 

difference in protrusion so we do not know if there was a significant functional difference between the 

feet they measured.  Munuera et al. (2008), Kaz and Coughlin (2007), Davitt et al. (2005) and Drez et al. 

(1980) all used various x-ray measurement techniques to calculate relative metatarsal protrusion in their 

subjects.  They chose a single point on the midfoot and measured to the distal end of the 1
st
 and 2

nd
 

metatarsal bones.  These studies found that the 2
nd

 metatarsal protruded approximately the same distally 

as the 1
st
 metatarsal (the 1

st
 metatarsal protrusion was between 0.2 and -0.2 mm of the 2nd, or a ratio of 

approximately .96) which means, on average, that the 2
nd

 metatarsal did not protrude significantly further.  

The scientific literature has presented a variety of methods for measuring metatarsal length and protrusion 

and the results vary accordingly, so it is difficult to describe precisely which parameters should be used to 

define a foot with Morton’s syndrome.  However, when employing a technique that measures relative 

metatarsal protrusion, the 1
st
 and 2

nd
 metatarsal appear to protrude approximately evenly so the prevalence 

of Morton’s syndrome in clinical practice may be over-exaggerated.  

2.3 Normal foot mechanics 

In the stance phase, the human gait system functions by absorbing shock and propelling the body 

forward.  For parts of this phase, the foot must maintain stability as we balance on a single foot for a 
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period of time.  Stability and propulsion are provided by the soft tissue structures of the foot and leg: the 

ligaments and fascia, the intrinsic foot muscles, and the extrinsic foot muscles as they move the skeleton.  

Stance has three distinct stages: heel strike, mid-stance, and late-stance (propulsion).  In normal walking, 

the heel contacts the ground first, causing a spike in the vertical ground reaction force.  This impact is 

minimized by the shock absorbing capabilities of the heel pad (Gefen et al., 2001) as well as eversion of 

the subtalar joint (Kirby, 2000).  In early mid-stance, the ground reaction forces continue to be absorbed 

by pronation of the foot (Kirby, 2000).  As the body moves forward, tension is taken up by the plantar 

fascia and the intrinsic foot muscles as the foot re-supinates and becomes stiffer and the force is 

transferred to the metatarsals and toes in order to propel the body forward (Ren et al., 2008).   

In mid-stance, when the heel and forefoot are in contact with the ground, the foot can be 

described as a truss, as the medial longitudinal arch is anchored at one end by the heel and at the other by 

the metatarsals (Glasoe et al., 1999; Kim, 1995).  Forces applied to the sole of the foot are supported by 

tension in muscles and ligaments, forces in the joints and stress in the bones (Stokes et al., 1979).  The 

deltoid ligaments as well as the spring, long plantar, and short plantar ligaments provide stability to this 

truss system and are aided by the intrinsic foot muscles (especially flexor hallucis brevis and flexor 

digitorum brevis) (Perry & Burnfield, 2010) and extrinsic foot muscles (flexor hallucis longus, flexor 

digitorum longus, tibialis posterior, and peroneus longus) which provide dynamic support in aiding the 

shift from shock absorption to propulsion (Ren et al., 2008, Kirby, 2001).  The muscles of the foot and leg 

perform in a complicated sequence of eccentric and concentric contractions in order to make this switch 

from shock absorption to propulsion (Perry & Burnfield, 2010).  The muscles work in a lever and pulley 

system to raise and lower the arch by controlling eversion and encouraging inversion causing the midfoot 

to stiffen and transferring force into the 1
st
 ray and lesser metatarsals.    

Motion of the foot is tri-planar, so describing the arch as moving up and down is to over-simplify 

its movement.  Pronation involves eversion of the calcaneus, plantarflexion and adduction of the talus in 

relation to the posterior calcaneus, and abduction of the forefoot relative to the hindfoot (Kirby, 2001).  
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The foot then performs the opposite motions (supination) when becoming stiffer in preparation for 

propulsion.  Propulsion begins by using the stored energy from the tension in the ligaments and tendons, 

including the Achilles tendon.  Forward momentum of the body (forward displacement of the center of 

mass) causes the tibia to rotate forward over the top of the foot.  The triceps surae responds by contracting 

isometrically, locking the ankle joint (Jenkins, 2008).  At this time, the soleus attempts to invert the 

calcaneus due to the soleus’ attachment to the medial calcaneal tubercle while the tibialis posterior and 

flexor hallucis longus are contracting, which inverts the subtalar joint, locking the midtarsal joint (Perry 

& Burnfield, 2010).  There is an intrinsic “locking” mechanism that occurs when the subtalar joint inverts 

(Huson, 1991).  When the talus inverts, the transverse tarsal joint (talo-navicular and calcaneo-cuboid 

joints) fit tightly together so that the midfoot is made stiffer so that ground reaction forces may be 

transferred to the metatarsals.  There is also a less-studied forefoot locking mechanism (Perez et al., 2008) 

that happens when the 1
st
 metatarsal everts due to peroneus longus contraction and locks on the 2

nd
 

metatarsal.  These mechanisms occur due to the action of the extrinsic foot muscles, but it is the facets of 

the bones that fit together ensuring stiffness in the hindfoot and midfoot that facilitates the transition from 

pronation to supination.  These locking mechanisms are the link between the flexible shock absorbing 

phase of early- and mid-stance and the propulsion phase.   

Pronation and supination happen while the body is moving forward so the foot must be able to 

simultaneously absorb the body’s weight, adapt to terrain, and switch to propel the body forward onto the 

metatarsal heads and toes.  Maestro et al. (2003) describe foot motion as helical: the foot is centered by 

the 2
nd 

metatarsal head, which is relatively fixed, and it pronates or supinates around an axis that runs 

longitudinally through this point, which is parallel to the progression line.  The forefoot bends at a line 

perpendicular to this axis so it must be re-supinating from its pronated position in order to be properly 

aligned.  This is what Morton (1927) was referring to with his axes of balance and leverage.  If the foot 

pronates excessively due to poor forefoot alignment or a hypermobile 1
st
 ray, the foot’s ability to 

transition from pronation to supination is affected and the axes will not be perpendicular, over-loading 
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skeletal structures of the forefoot such as the hallux (due to a greater ML shear force) and 2
nd

 metatarsal 

(due to a greater vertical GRF) and straining the soft tissue structures as they compensate for the poorly 

functioning foot.   

One soft tissue that is critical in the transition from mid-stance into propulsion is the plantar 

fascia.  The plantar fascia is a viscoelastic soft tissue with high internal stiffness due to parallel alignment 

of collagen fibers that connects the heel to the toes (Nordin & Frankel, 2012). The plantar fascia is unique 

in its role in that it passively absorbs shock while gathering tension and then transfers force to the toes 

through the windlass mechanism (Hicks, 1954; Fuller, 2000).  The windlass mechanism is executed by 

dorsiflexing the toes, which pulls the fascia tight over the metatarsal heads.  As the foot pronates in the 

shock absorbing part of early mid-stance the plantar fascia tenses.  Increased tension in the plantar fascia 

in mid-stance inverts the calcaneus which in turn externally rotates the talus helping to externally rotate 

the tibia in the talo-crural joint (Fuller, 2000).  As the momentum of the body rotates the tibia forward the 

triceps surae contracts isometrically locking the ankle joint and lifting the heel off the ground, which 

causes the toes to dorsiflex at the MTP joints.  The tension in the fascia builds through mid-stance and 

peaks when the heel leaves the ground and weight is born by the metatarsals and toes.  There is minimal 

metabolic cost to the windlass mechanism while it contributes greatly to propulsion forces: at maximum 

MTP dorsiflexion the flexion force from one maximum voluntary contraction is twice the available force 

from the plantarflexor muscles alone (Gefen, 2003), so it is clear that the plantar fascia is crucial in the 

propulsion mechanics of feet, particularly if the plantarflexor muscles are compromised by fatigue or 

injury.  

The plantar fascia spans from the medial calcaneal tubercle to the base of the five digits.  It is 

thickest along its medial side where it offers support to the medial arch and attaches into the largest toe, 

the hallux.  The medial rays of the foot carry a greater load, flex more and generate more force than the 

lateral rays (MacWilliams et al., 2003) so the plantar fascia must be strongest there.  In a foot with 

Morton’s syndrome the medial side of the fascia will be shorter, as the 1st metatarsal does not protrude as 
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far distally as the lesser metatarsals.  In a properly functioning foot the majority of motion across the 

MTP joints in late-stance is in the sagittal plane; however, in a foot that is not re-supinating properly due 

to poor windlass effectiveness there may be excessive external rotation of the leg and foot in 

compensation (Dananberg, 1993). 

2.4 The importance of the 1
st
 ray 

The 1
st
 ray consists of the medial cuneiform and 1

st
 metatarsal (see Figure 2-4).  The 1

st
 ray forms 

the distal segment of the medial longitudinal arch, which is the most active arch in the foot during 

pronation and supination, therefore, a short 1
st
 metatarsal, as in Morton’s syndrome, may affect 1

st
 ray 

mechanics.  The forces under the 1
st
 metatarsal and the big toe, account for about 42% of the total peak 

forefoot load, which shows the importance of the 1
st
 ray during the push-off phase (Hayafune et al., 

1999).  The 1
st
 ray is of particular importance in gait and is the skeletal part of the foot responsible for 

transferring force from the soft tissue structures of the arch to the forefoot to facilitate propulsion.  In 

mid-stance, the tibialis posterior exerts a supinatory force on the medial arch, locking the midtarsal joints, 

which puts a plantarflexion force on the 1
st
 metatarsal (Fuller, 2000) and dorsiflexes the 1

st
 MTP joint as 

the hallux glides upward (Glasoe et al., 1999).  The flexor hallucis longus is simultaneously applying a 

plantarflexion force to the hallux while the windlass mechanism is operating due to increased tension in 

the fascia which renders the foot more rigid on the medial side via the midtarsal locking mechanism.  The 

plantarflexion force on the distal end of the 1
st
 ray is of prime importance in stability of the medial arch 

and propulsion (Dicharry, 2010) so any reduction in effectiveness of the 1
st
 ray (such as a relatively short 

protruding 1
st
 metatarsal) can alter mechanics at the forefoot during propulsion. 
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Figure 2-4. Medial view of foot.  The 1
st
 ray is the 1

st
 metatarsal and medial cuneiform. 

 

2.5 Abnormal foot mechanics 

As previously described, a properly functioning foot pronates in mid-stance and then the soft 

tissue structures tense making the foot more rigid in order to transfer the force to the metatarsals and toes 

for propulsion.  Whether due to soft tissue or joint dysfunction some feet do not perform pronation and 

supination within a normal range of motion or with the proper timing.  Morton’s theory of disordered 1
st
 

ray mechanics suggests that the short 1
st
 metatarsal will cause the bone to have excessive dorsal glide 

(hypermobile 1
st
 ray) reducing windlass effectiveness (Glasoe et al., 1999) and causing the 2

nd
 metatarsal 

to bear an increased load, resulting in 2
nd

 metatarsal pain and callousing (and potentially hypertrophy of 

the bone).  Hyperpronation has been shown to reduce windlass effectiveness (Fuller, 2000) as well as alter 

the foot placement angle (excessive external rotation) (Dananberg, 1993) as the foot does not re-supinate 

properly in mid-stance in preparation for propulsion.  Hallux valgus alters propulsion mechanics due to 

the medial deviation of the hallux, which causes gait adaptations such as putting more weight on the 

lateral metatarsals (Hayafune et al., 1999; Yavuz et al., 2009).  These two conditions are relevant to the 
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study of short 1
st
 metatarsal protrusion in that they may disrupt 1

st
 ray reduce the effectiveness of the 1

st
 

ray in propulsion.  

2.5.1 Hyperpronation 

In a properly functioning foot the arch will pronate to absorb shock in mid-stance and then 

transfer force to the forefoot through the 1
st
 ray and lesser metatarsals through the actions of the foot, the 

lower leg muscles, and the plantar fascia.  Insufficiency in any of these soft tissue structures allows the 

foot to stay pronated for too long and fails to produce the required stiffness in the midfoot to allow 

efficient propulsion at the forefoot.  Malfunction of the 1
st
 ray and windlass mechanism affects efficient 

load transmission to the forefoot and can subject adjacent pedal structures to increased stress and 

mechanical breakdown (Christensen, 2009).  Excessive or prolonged flattening of the medial arch coupled 

with an everted subtalar joint and forefoot abduction is termed hyperpronation.  Hyperpronation can 

contribute to tibialis posterior or peroneus longus dysfunction (Pohl et al., 2010) as the tendon 

degenerates due to overuse (Mosier et al., 1999).  This in turn affects 1
st
 ray mechanics as the proximal 

end of the 1
st
 metatarsal (via the medial cuneiform) should be dorsiflexed by the tibialis posterior 

initiating the tarsal lock (Fuller, 2000) but the power of this muscle is reduced due to tendon strain 

resulting from excessive eversion of the subtalar joint (Mosier et al., 1999). The 1
st
 metatarsal bone may 

deviate laterally as the peroneus longus is not applying enough pull on the medial side of the bone from 

the lateral foot and ankle.  As a result, a bunion and hallux valgus may develop (Coughlin & Jones, 

2007a) as the 1
st
 metatarsal slides laterally (increased inter-metatarsal angle) and pushes against the side 

of the shoe.  A severely pronated foot transfers more weight to the medial side of the foot (1
st
 metatarsal 

head and hallux) (Christensen, 2009) which can strain the 1
st
 metatarsal-phalangeal joint capsule and the 

collateral ligaments of the 1
st
 MTP joint (Bednarz & Manoli, 2000).  

2.5.2 Hallux valgus 

Hallux valgus is a condition where the 1
st
 metatarsal bone shifts laterally and the hallux shifts 

medially causing poor 1
st
 MTP joint alignment.  The metatarsal head protrudes on the lateral side of the 
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foot, which is called a bunion.  Hallux valgus is the most relevant condition to compare to Morton’s 

syndrome due to poor propulsion mechanics associated with a deviated 1
st
 metatarsal and hallux.  In feet 

with short 1
st
 metatarsal protrusion it is suspected that the forefoot pronates in late-stance due to the 

shorter 1
st
 metatarsal causing a shear force across the metatarsals and putting a force on the lateral side of 

the hallux.   Hallux valgus is similar in that the lever arm of the 1
st
 ray is shorter because the bone points 

laterally instead of forward.  As the hallux deviates medially in propulsion it is forced to adduct and 

externally rotate by the hallux flexor muscles pulling eccentrically, due to the altered 1
st
 MTP joint angle 

(Jenkins, 2008).  The adductor hallucis muscle tightens and the abductor hallucis muscle is stretched as 

the hallux deviates further.  This in turn creates further lateral deviation of the 1
st
 metatarsal as the power 

of the flexor muscles is reduced because they are pulling the toe medially instead of flexing it (Saltzman 

et al., 1997).  The altered angle of the 1
st
 MTP joint limits the ability of the hallux flexors to plantarflex 

the big toe in push-off and reduces the propulsive strength of the hallux (Sanders et al., 1995).  As the 

load carried by the hallux in push-off is greater than twice that of the other toes combined, any reduction 

in plantarflexion force produced will affect gait mechanics adversely (Hutton and Dhanendran, 1981).  

The loss of hallux thrust in push-off is often compensated for by shifting weight to the outside of the foot 

(Hughes et al., 1991, Stokes et al., 1979) which can be measured by increased vertical load under the 

lateral metatarsal heads (Yavuz et al., 2009; Waldecker, 2002). 

2.5.3 Mechanics of feet with Morton’s syndrome 

Dr. Morton proposed that short 1
st
 metatarsal protrusion would alter the axes of leverage and 

balance which would change the pattern of motion in both the sagittal and frontal planes.  This would 

affect both mid-stance and propulsion by altering 1
st
 ray and medial arch mechanics due to the shorter 

lever of the 1
st
 metatarsal and longer lever of the 2

nd
.  Morton believed if in the propulsion phase of gait 

the 1
st
 metatarsal head struck the ground proximal to the 2

nd 
metatarsal head the 2

nd 
metatarsal head would 

experience greater peak pressure, as the longer bone supports the body’s weight further into the push-off 

phase.  This would be shown by a reduced force under the 1
st
 metatarsal and an increased force under the 
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2
nd

, which was confirmed by Weber et al. (2012).  Rodgers & Cavanagh (1989) concluded that while the 

2
nd

 metatarsal head experiences greater pressure than the 1
st
 even in normal feet, in Morton’s syndrome 

feet the longer lever of the 2
nd 

metatarsal produces a significantly higher peak pressure when compared 

with normal feet (320 kPa in feet with short 1
st
 metatarsal protrusion versus 243 kPa in their control 

group).  If the 2
nd

 metatarsal bears more pressure this would increase the load on the MTP joint as well as 

the tarso-metatarsal joints.  This increased load may explain why the feet in Munuera et al. (2008), 

Chuckpaiwong et al. (2007), and Davitt et al. (2005) that had a longer 2
nd

 metatarsal experienced more 

stress on their 2
nd

 metatarsal joints at both the proximal and distal end. 

Morton’s axis of leverage theory is confirmed in the literature as it pertains to increased pressure 

on the 2
nd 

metatarsal but we can still only speculate as to how the kinematics in the frontal plane are 

altered in his “axis of balance” theory (see Figure 1-3).  Morton believed that if the 1
st
 metatarsal head is 

proximal to the 2
nd

 then the arch will not be well-supported on the medial side and the 1
st
 metatarsal will 

dorsiflex relative to its base when it should be plantarflexing as the foot re-supinates.  A significant 

amount of leverage is provided by the 1
st
 ray and its musculo-tendinous structures from late-stance 

through toe-off (Dicharry, 2010) and if the lever arm of the 1
st
 ray is shortened there will be repercussions 

in the frontal plane as well as the sagittal, as increased pronation and reduced re-supination from mid-

stance to propulsion would allow the foot to evert.  The reduction in load on the 1
st
 metatarsal head is 

shown by the correlation between metatarsal protrusion and pressure at the metatarsal heads (Weber et al., 

2012), but the foot’s reduced ability to re-supinate with a shorter protruding 1
st
 metatarsal has not been 

confirmed by a study of the kinematics of the foot.  Although not specifically referring to Morton’s 

syndrome, Erdemir & Piazza (2003) showed that a decreased 1
st
 ray lever arm reduces the plantarflexion 

moment necessary to maintain a constant forward velocity while increasing the required plantarflexion to 

maintain the same velocity. They showed that shortening the foot diminishes the muscular force demand 

but also requires high muscle fiber shortening velocities that may limit the force generating capacity of 
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the plantarflexors.  Therefore, there should be a connection between shorter protrusion of the 1
st
 

metatarsal and forefoot mechanics, but this has not been studied directly. 

2.6 Outcome measures in studies of metatarsal protrusion 

While Morton’s theories are largely unproven scientifically, many clinicians continue to apply his 

principles with respect to footwear and orthotic prescriptions.  Similarly, coaches of dancers and runners 

in particular consider a long 2
nd

 metatarsal to be a risk factor in metatarsal stress fractures.  Abnormal 

metatarsal protrusion ratios (short 1
st
 or long 2

nd
 metatarsal) are sometimes included by authors in a list of 

potential causative factors in a particular foot pathology, but there are few studies that examine the direct 

consequences of having disharmonious metatarsal protrusion.  The outcome measures in these studies are 

often subjective: feet are examined for incidence of pain or callousing of the 2
nd 

metatarsal in athletic 

populations (including military and dancers) (Glasoe et al., 2002; Rodgers & Cavanagh, 1989; Harris & 

Beath, 1949).  Robert Harris and Thomas Beath, who were contemporaries of Morton, performed a study 

on over 7000 military personnel (Harris & Beath, 1949).  They did not find any greater incidence of 

metatarsalgia or callousing of the 2
nd

 metatarsal in feet with relatively short 1
st
 metatarsal.  Two other 

studies have looked at metatarsalgia symptoms related to a surgically altered 1
st
 metatarsal bone.  These 

authors studied transfer metatarsalgia after an osteotomy of the 1
st
 metatarsal in hallux valgus surgery 

(Toth et al., 2007), and conversely after lengthening the 1
st
 metatarsal (Toth et al., 2008).   Their outcome 

measure was based on subjective reporting by the patients of their metatarsalgia symptoms on a scale of 

1-5.  They found that symptoms increased with a shorter 1
st
 metatarsal and decreased with a longer 1

st
 

metatarsal. 

There have been some studies that did not rely on patient reports or visual assessment, where 

instead the physiological response of the skeleton in feet with uneven metatarsal protrusion was 

measured.  One assumption of Morton’s syndrome was that the short 1
st
 metatarsal would cause 

hypertrophy of the 2
nd

 metatarsal, which is a sign of increased stress to the bone.  Grebing & Coughlin 

(2004) assessed feet with a short 1
st
 metatarsal for hypertrophy of the 2

nd
 metatarsal, but did not find any 
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correlation between metatarsal protrusion and increased 2
nd

 metatarsal shaft girth.  Chuckpaiwong et al. 

(2007) and Drez et al. (1980) considered the effect of a short 1
st
 metatarsal on the incidence of stress 

fractures of the 2
nd

 metatarsal.  Drez et al. (1980) established that the lengths of the 1
st
 and 2

nd 
metatarsals 

in the group with stress fractures did not differ from those in a randomly selected control group.  

Chuckpaiwong et al. (2007) did find a significant difference in metatarsal protrusion in a group with 

fractures of the proximal 2
nd

 metatarsal but there was no protrusion difference in feet with fractures of the 

distal 2
nd

 metatarsal.  They concluded that overall having a long 2
nd

 or short 1
st
 metatarsal does not put 

someone at risk for developing a 2
nd

 metatarsal fracture but they were more likely to develop a proximal 

metatarsal stress fracture, which occur very infrequently due to the girth of the bone at its proximal end.  

One other study has examined the effect of metatarsal protrusion on changes in the skeleton of the foot.  

Munuera et al. (2007) looked at the occurrence of hallux valgus and found this condition to be more 

prevalent in subjects with a long 1
st
 metatarsal; there was no greater incidence in subjects with a relatively 

short 1
st
 metatarsal.  These studies have examined the effect of uneven metatarsal protrusion on 

measurable changes in the skeleton but none of them studied the specific kinematic or kinetic mechanism 

for the changes.   

Very few studies have investigated specific kinetic and kinematic variables of feet with respect to 

metatarsal length and protrusion.  Mueller et al. (2003), Morag & Cavanagh (1999), and Rodgers & 

Cavanagh (1989) examined peak pressures under the metatarsal heads in feet with uneven metatarsal 

length protrusion and deemed metatarsal protrusion ratio to be an important predictor of peak pressure 

under the 1
st
 and 2

nd
 metatarsal heads.  Peak pressure is often used as a proxy measurement for assessing 

the risk of skin breakdown in patients with diabetes; however, since pressure might occur only at one 

point in a discrete area of the foot, it does not by itself represent the magnitude of load to which that area 

of the foot is subjected to (Hayafune et al., 1999).  Kaipel et al. (2011) did not find any correlation 

between pressure or force under the metatarsals and metatarsal protrusion; however, their subjects were 

suffering from metatarsalgia symptoms and may have altered their foot strike to avoid bearing weight on 
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the painful metatarsal heads.  There do not appear to be any studies examining altered mechanics or force 

profiles of feet specifically with abnormal metatarsal protrusion ratios.  Since Morton’s theories implied 

that there would be changes in the mechanics of the foot in propulsion with short 1
st
 metatarsal protrusion 

due to the altered axes of leverage and balance, it is important to broaden the study of metatarsal 

protrusion beyond its influence on the 2
nd

 metatarsal bone. 

2.6.1 Body weight, gait speed, and foot angle 

Studies examining forces in gait generally control for body weight because ground reaction force 

is directly influenced by body weight (F=MA).  This is usually done by normalizing the data to body 

weight after it has been collected (Mullineux et al., 2006).  Studies may also wish to control for gait speed 

and foot progression angle.  Both of these factors have been shown to influence ground reaction forces.  

Dura et al. (2010) and Hansen et al. (2004) have shown that force profiles change with varying gait speed.  

The initial force peak is advanced and the peak of the second force peak is delayed due to a change in 

strategy of movement as speed increases (Dura et al., 2010).  Regarding foot placement angle, Hutton & 

Dhanendran (1979) discovered that the force under the 1
st
 metatarsal increases with out-toeing.  

In spite of the effect of gait speed and foot angle, examiners often avoid controlling for these two 

factors as interventions might alter the normal pathway of a foot and therefore influence the kinematic 

and kinetic results.  Studies of the mechanics of normal feet (Wearing et al., 2001) and idiopathic feet 

such as hallux valgus (Yavuz et al., 2009) often eschew controlling gait speed and foot angle in favour of 

the subject taking a normal step, as the examiners do not want to influence the subjects’ gait by forcing 

them to place their foot a certain way. 

2.7 Measuring metatarsal length and protrusion ratios 

The gold standard of bone length measurement is to perform the measurements on an x-ray.  

Davidson et al. (2007) and Rodgers & Cavanagh (1989) suggest that it is not prudent to x-ray 

asymptomatic feet due to unnecessary radiation exposure, cost, and clinical accessibility.  However, many 

relative metatarsal length studies examine stress fractures or hallux valgus and it is reasonable for a 
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physician to order x-rays for either of these conditions.  In a clinical setting, due to the scarcity of x-ray 

equipment and time it is necessary to use palpation or a rudimentary tool such as calipers to measure 

metatarsal protrusion.  Manual measurement techniques tend to be less accurate and repeatable but often a 

study that employs one of these techniques will be more relevant to clinicians who do not have ready 

access to an x-ray machine. 

2.7.1 X-ray measurements 

X-ray measurements are the most accurate way to measure bone length as the margins of the 

bones are clearly visible.  There are two ways to compare metatarsal length: measure the actual bone 

length or measure the relative metatarsal protrusion from a single reference point.  Measuring the bone 

length is performed by drawing a bisecting line through the bone’s long axis and measuring from the 

distal to the proximal end.  To calculate relative metatarsal protrusion, a common point is chosen (often a 

bony protrusion like the navicular tubercle) and a line is drawn from this point to the distal end of the 1
st
 

and 2
nd

 metatarsals.  This can be reported in distance (mm) or as a relative percentage.   There are several 

variations on this technique in the literature ranging from simplest (Coughlin, 1993) to most sophisticated 

(Maestro et al., 2003) (see Figure 2-6).  The various measurement techniques are summarized in Table 

2-2. 

An important consideration when presenting the results from a metatarsal length study is that the 

ratio of absolute metatarsal length, which measures the length of each individual bone, and relative 

metatarsal protrusion, which is measured from a single point, will be quite different.  Because the 1
st
 

metatarsal is situated distal to the navicular bone (which is thicker on the medial side behind the 1
st
 

metatarsal bone) and the medial cuneiform (which protrudes further distally than the intermediate and 

lateral cuneiforms) the 1
st
 metatarsal bone will always be shorter than the 2

nd
 metatarsal bone (Dogan et 

al. 2007; Drez et al., 1980) (see Figure 2-4).  It is more useful to present results as a relative metatarsal 

protrusion ratio as metatarsal protrusion ratio is a better measure of function than bone length. 
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a)  b)  

Figure 2-5. a) Measuring absolute bone length and b) measuring relative metatarsal protrusion.  

The 1
st
 metatarsal is always shorter than the 2

nd
 metatarsal when measuring bone length due to the 

anatomy of the medial midtarsals. 
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Table 2-2. Description of techniques used to measure metatarsal 

protrusion on x-rays 

Author Description of technique 
  

Morton (1927) The 2
nd

 metatarsal is bisected. A perpendicular line is 

drawn from this line to the head of the 1
st
 metatarsal. 

The distance from this line to head of 2
nd

 metatarsal is 

measured. 

 

Hardy & Clapham 

(1951) 

The 2
nd

 metatarsal is bisected. A line is drawn from the 

distal end of 2
nd

 metatarsal to line drawn between the 

calcaneo-cuboid joint and the medial tuberosity of the 

navicular. From this intersection, an arc is drawn with 

its apex at the head of the 2
nd

 metatarsal which crosses 

the 1
st
 metatarsal and another arc is drawn with its apex 

at the head of the 1
st
 metatarsal that crosses the 2

nd
 

metatarsal.  The distal distance between the arcs is 

measured. 

 

Drez et al. (1980) A line is drawn from the highest point on the talar head 

to the tip of the 1
st
 and 2

nd
 metatarsal heads.  The 

length of each line is measured and a ratio is created. 

 

Coughlin (1993) The distance is measured from the tip of the 2
nd

 

metatarsal to a line drawn from tip of the 3
rd

 to the tip 

of the 1
st 

Maestro et al. 

(2003) 

A line is drawn across the metatarsals starting at the 

lateral sesamoid and at a right angle to a line drawn 

along the medial border of the 2
nd

 metatarsal. A line is 

drawn to the tip of each metatarsal. 

 

Kaipel et al. (2011) The 2
nd

 metatarsal is bisected. A line is drawn at a right 

angle to the bisection. The distance from the tip of each 

metatarsal to this line is measured. 
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Figure 2-6. Coughlin (1993) method and Maestro et al. (2003) method.  

Coughlin (1993) method: the distance from the distal end of the 2
nd

 

metatarsal to a line drawn from the distal end of the 1
st
 metatarsal to the 

3
rd

 metatarsal.  Maestro (2003) method: a transmetatarsal line is drawn 

from the lateral sesamoid at a right angle to a line drawn on the medial 

2
nd

 metatarsal.  The distance to the distal tip of each metatarsal is 

measured. 

 (Adapted from Bhutta et al., 2010) 
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a) b)  

Figure 2-7. Measurement bias when measuring metatarsal protrusion.  

a) The line was drawn through the 2
nd

 metatarsal first.  

b) The line was drawn through the 1
st
 metatarsal first.  

In a) the ratio tends to be closer to 1.0 (more even) because the line through the 1
st
 metatarsal is 

longer, while in b) the ratio tends to be less than 1.0 because the line through 2
nd

 metatarsal is 

longer.  The picture on the right is typical of the measurements in our study, where no subject had 

a ratio greater than 1.0.  See Figure 5-1 for another example. 

2.7.2 Manual measurement techniques 

The midtarsal and metatarsal bony prominences are palpable because they sit close to the skin 

with little soft tissue covering them but they do not come to a clear point that can be palpated consistently.  

As a result, most manual measurement techniques are not very reliable since the bones do not have clear 

margins as they do on 2-dimensional x-rays.  For instance, it is difficult to locate the precise end of a 

metatarsal bone as its convex head is purposefully rounded to fit into the concave proximal phalanx 

(Nordin & Frankel, 2012).   Studies using manual palpation techniques to measure metatarsal protrusion 

generally show their methods to be unreliable (Glasoe et al., 2000).  Palpating and measuring from the 

navicular tubercle to the 1
st
 and 2

nd
 MTP joints, Glasoe et al. (2000) found measuring relative metatarsal 

protrusion with calipers to be unreliable compared to measuring on x-rays (intraclass correlation 
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coefficient (ICC) of 0.36).  Some studies have used calipers to measure the length of bones in hands and 

feet reliably (the skeletal anatomy of hands is similar to that of feet, so the measurements are relevant); 

however, these studies measured to the physical end of a bone, where the end-point was clearly palpable – 

the end-point of a metatarsal head is located inside the MTP joint.  Stein et al. (2010) measured from the 

base of the finger to its tip with calipers and found a total error measurement (TEM) of less than 1.1% 

across all examiners.  TEM may have been low because the calipers could be placed at the distal tip of the 

finger where there is a definite end-point.  More rudimentary methods were used by Ogilvie-Harris et al. 

(1995) and Visnapuu & Jürimäe (2007) where the examiners traced the foot and hand to calculate toe and 

finger length ratios, respectively.  These studies all deemed their methods to have good reliability when 

verified radiographically, but again, the end point of the digit is easily determined.  Davidson et al. (2007) 

conducted a review of three metatarsal and toe measurement techniques, including two novel techniques 

and the Glasoe et al. (2002) method.   

Table 2-3. Reliability of manual measurement techniques for measuring metatarsal protrusion. 

(From Davidson et al., 2007) 

Technique: Reliability: 

Mark end of toes on graph paper. Measure 

distance in protrusion of toes 1 (hallux) and 2. 

 

ICC: 0.98 

CI: -1.66 – 1.86 

Place pen mark on dorsal metatarsophalangeal 

joint. Measure distance to a line on graph paper 

with calipers for metatarsals 1 and 2. 

 

ICC: 0.67 

CI: -5.81 – 5.67 

Glasoe et al. (2002) Place pen mark on 

navicular tubercle. Measure distance to marks 

on dorsal metatarsophalangeal joint 1 and 2 

using calipers. 

ICC 0.76 

CI: -4.91 – 4.43 

ICC: Test-retest: intraclass correlation coefficient 

CI: Individual: confidence intervals of 95%  
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2.7.3 Measurement bias 

Whether employing a manual measurement technique or using x-ray films, every technique tends 

to skew the metatarsal ratio so that either a low or high metatarsal protrusion ratio will more prevalent.   

Even the accuracy of the most basic metatarsal protrusion method employed by Morton (1927) has been 

questioned.  Hardy & Clapham criticized Morton for over-exaggerating the frequency of short 1
st
 

metatarsal occurrence.  By using a compass to draw an arc from an intersection of two lines in the 

hindfoot with the apex at the end of the 1
st
 and 2

nd
 metatarsals and then measuring the distance between 

these arcs, rather than a line at a right angle from the end of the 2
nd

 metatarsal, they significantly reduced 

the number of positive Morton’s foot cases (metatarsal protrusion ratio of less than 1.0).  Grebing & 

Coughlin (2004) verified this discrepancy.  Their study tested both the Morton (1935) and Hardy & 

Clapham (1951) methods and found that the number of cases of short 1
st
 metatarsal depended on the 

measurement technique.  In their control group (no hallux valgus or hallux rigidus) 23 of 43 of the 

subjects had a short 1
st
 metatarsal as measured using the Morton (1935) technique while only 13 of 43 

subjects had a short 1
st
 metatarsal using the Hardy & Clapham (1951) technique.   Other techniques have 

used the 2
nd

 metatarsal as a reference line and measured protrusion from a common point in the foot (Drez 

et al., 1980; Glasoe et al., 2000) which may skew the results towards a longer 1
st
 and shorter 2

nd
 

metatarsal, or a greater number of feet with a metatarsal protrusion ratio greater than 1.0 (see Figure 2-7 

and Figure 5-1).  It is evident that technique can influence the measurement outcome whether in a manual 

technique or using x-rays and the specific technique should be noted in the presentation of results to avoid 

confusion. 

2.8 Summary 

There is very little research specifically studying the effects of metatarsal protrusion on the 

mechanics of feet; rather, metatarsal protrusion (or length) is often measured as a possible confounding 

variable in another foot condition, such as hallux valgus.  As it is rarely the main focus of the research 

being conducted, researchers tend to default to using the simplest measurement techniques such as the 
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Morton (1927) method.  In a hallux valgus study, for instance, the examiner will have an x-ray of the foot 

to measure inter-metatarsal angle and hallux valgus angle, so taking a simple measurement of metatarsal 

protrusion adds information to their study, but it is not the main focus.  Because metatarsal protrusion 

ratio is rarely the main outcome measure in a study, no one has established data for normal and abnormal 

populations; this data is simply reported as “short” or “normal” but the criteria for this classification is 

rarely reported. 

Measurement techniques have not evolved greatly in the last century.  More sophisticated 

metatarsal measurement techniques, such as the method in Maestro et al. (2003), requires measurements 

from x-ray films.  Authors tend to default to more simple techniques like the Morton (1927) one and 

clinicians do not usually have immediate access to x-rays so the more sophisticated techniques remain 

only in studies examining anthropometrics.  There is no reliable method of measuring metatarsal 

protrusion by palpation that is useable in a clinical setting.  Various studies have attempted to measure 

metatarsal length using palpation but were unsuccessful due to the difficulty in precisely locating the 

endpoint of the metatarsal bones (Glasoe et al., 2000).    

Because no one has clearly established the normal metatarsal protrusion ratio or how to measure 

this ratio in a quick and accurate way, we do not know what defines a clinically short 1
st
 metatarsal.  Due 

to the dearth of information on this topic, we also do not know if having short 1
st
 metatarsal protrusion 

causes abnormal foot mechanics beyond increased pressure on the 2
nd

 metatarsal head.   In spite of our 

lack of knowledge, clinicians persist in treating Morton’s syndrome as a significant problem based on the 

theories of one physician in the early 1900s and some complementary information gleaned from studies 

of pressure under the metatarsal heads in feet with short 1
st
 metatarsal protrusion.  To fill the void in 

metatarsal protrusion research there needs to be information available to foot practitioners about normal 

metatarsal protrusion ratios as well as delineation for abnormal ratios and what biomechanical differences 

characterize these feet.  
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Chapter 3 

Methods 

 

Our study was completed in two parts.  In Part 1 we designed a clinical measurement protocol to 

measure the relative metatarsal protrusion distance of our subjects’ left foot and in Part 2 we performed a 

gait analysis on a select group of the Part 1 subjects to determine whether foot biomechanics were 

influenced by relative metatarsal protrusion.  Henceforth, Part 1 shall refer to the static foot measurement 

trials and Part 2 shall refer to the gait analysis trials. 

3.1 Subjects 

There were 65 subjects for Part 1 and 30 subjects for Part 2.  Subjects were volunteers who 

responded to posters placed at Queen’s University, in an orthopaedic clinic, and through word-of-mouth.  

Subjects were demographically diverse: no restrictions were placed on age, gender, foot size, or weight.  

Subjects were excluded if they were suffering from lower limb pain, had experienced any significant pain 

or injury to their lower limb in the previous three months, or had general difficulties with ambulation.  

Further exclusion criteria were a hallux valgus angle of greater than 10 degrees or a non-weight-bearing 

hallux dorsiflexion angle of less than 50 degrees as measured by handheld goniometer.  Subjects read and 

signed the letter of consent approved by Queen’s General Ethics Board (See Appendix A). 

3.2 Part 1 – Static foot measurements: Relative metatarsal protrusion 

Relative metatarsal protrusion studies usually measure from a point or a reference line on the 

dorsum of the foot that is easy to find on an x-ray.  The distance is then measured from this point to the 

distal tip of the metatarsals and a ratio of the metatarsal length or difference in protrusion is calculated.  

Our study was performed on healthy volunteers with no existing foot pain; therefore, we did not have a 

medical reason to take x-rays of their feet.  Without the benefit of an x-ray system we were required to 

develop a tool that would measure the metatarsals accurately and could be used by a foot practitioner in a 



32 

 

clinical setting.  Our goals were to design a tool that was easy to use, could take the required 

measurements in a short period of time (1-2 minutes), would give results with minimal error, and that 

could be stored with a patient’s records (in photographic or chart form).  The technique was similar to 

other studies in that a single reference point was chosen on the midfoot and the distance from this point to 

the end of the 1
st
 and 2

nd
 metatarsals was calculated. 

3.2.1 Evolution of the metatarsal protrusion measurement technique 

The measurement technique for Part 1 evolved from simply palpating and marking landmarks on 

the foot with a pen to the development of a template that was placed over the foot to guide the clinician to 

a consistent spot.  In a pilot study of eight subjects we palpated the navicular tubercle as well as the distal 

and dorsal point of the head of the 1
st
 and 2

nd
metatarsal heads, marked these points with a pen, and 

measured the distance to each using the digital imaging program GIMP.  The palpation technique was 

generally unreliable with the between trial error often being larger than the measured difference between 

the 1
st
 and 2

nd
 metatarsals (see Table 2-3).  Tubercles and the distal end of dorsal foot bones such as the 

navicular and metatarsals are generally easy to palpate, but they are often curved and do not come to a 

sharp point, so palpating these spots and placing a pen mark on them in the same spot consistently is 

difficult, generating a large error between trials (Glasoe et al., 2002).  Therefore, it was necessary to 

develop a tool to standardize the measurements to be more consistent between subjects and, in the future, 

between testers.  

3.2.2 Pilot study 

We performed a pilot study on eight individuals to test a palpation technique for calculating the 

metatarsal protrusion ratio.  Table 2-3 contains the results of this pilot study.  The error between 

measurements was deemed unacceptable, as sometimes the difference in metatarsal ratio between 

measurements for the same subject was greater than the range between all eight subjects for a single trial.  

For instance, the difference between trials 1 and 2 for subject 1 is 0.126, while the difference between the 

highest and lowest values for trial 1 is 0.068.  Also, considering the standard deviation for subject 1 was 
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0.052 and for subject 4 was 0.061 and the range between all subjects in trial 1 was 0.068, we could not be 

confident that this technique would give us accurate measurements for our study. 

 

Table 3-1. Metatarsal ratios for four trials in the pilot study n=8. Note the range of values for the 4 

trials of any subject.  These data illustrate the inaccuracy of the measurement technique as the 

difference between two trials can be larger than the range of the measurements for all eight 

subjects. 

 Trials Statistics 

Subjects  1 2 3 4 Average Median SD 

Sub.1  0.918 1.044 0.958 0.97 0.972 0.964 0.052 

Sub.2  0.921 0.986 0.947 0.945 0.949 0.946 0.026 

Sub.3  0.882 0.876 0.889 0.864 0.877 0.879 0.010 

Sub.4  0.853 0.872 0.876 0.988 0.897 0.874 0.061 

Sub.5  0.852 0.925 0.891 0.914 0.895 0.902 0.032 

Sub.6  0.907 0.928 0.946 0.883 0.916 0.917 0.027 

Sub.7  0.902 0.922 0.901 0.889 0.903 0.901 0.013 

Sub.8  0.883 0.942 0.891 0.938 0.913 0.914 0.030 

      Avg. SD 0.031 

 

As the technique used in the pilot study was unreliable, we developed a tool to help reduce the 

measurement error and used this tool to measure the metatarsal protrusion of 65 subjects.  See Table 4-1 

for the results. 

3.2.3 Developing a new tool 

In order to measure the relative metatarsal protrusion ratio accurately it was important to 

construct a tool that reduced the error resulting from the difficulty of palpating bones manually.  The 

distal end of the metatarsal bones, in particular, are a round “ball” to fit into the “socket” of the base of 

the hallux and, therefore, it is difficult to find a defined distal end of the bone and locate this point 

consistently.  A template was designed to fit into the joint space and be guided by the “v” shape of the 

dorsiflexed MTP joint (see Figure 3-1).  The tool had to be transferable between the 1
st
 and 2

nd
 

metatarsals as well as between feet of varying sizes and shapes (especially instep height).  Therefore, the 
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template had to be flexible and able to articulate.  A piece of 3mm subortholen plastic was chosen – 15cm 

in length and 2cm wide.  It was heated and vacuum-pressed to a plaster mould, set at 45 degrees to create 

an articulation.  The plastic was thin enough that it could articulate to adjust to the angle of the instep and 

the desired metatarsal-phalangeal joint angle (usually greater than 45 degrees).  The plastic was bent at 

2/3 its length, separating the tool into a 10cm piece to lay on the instep of the foot and a shorter 5cm piece 

for the toes.  A 5cm long groove was cut in the instep (proximal) section and a shorter 2cm groove was 

cut in the toe (distal) section using a 1.0 mm wide bandsaw blade.  The groove was wide enough to fit the 

tip of a ballpoint pen for marking the foot.  This allowed the operator to use the same template for feet of 

different lengths as the 5cm groove gave some variability in where the lines were drawn.  A small hole 

was drilled at the articulation point of the tool erring slightly to the instep section using a 1.5mm drillbit.  

 

 

 

Figure 3-1. A photo of the measurement tool.  The plastic is bent so that it may articulate to 

fit into the joint line.  A hole is drilled at the articulation to mark the MTP joint and a slot is 

cut in the end so that a line can be drawn on the skin over the midtarsal. 
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3.2.4 Using the tool 

The 1
st
 metatarsal was always measured first.  While the operator dorsiflexed the hallux passively 

(active dorsiflexion causes the extensor hallucis longus tendon to pull tight which blocks access to the 

MTP joint) the tool was placed in the joint line so that the tool was resting in the crease created by the end 

of the metatarsal bone and the base of the phalanx (see Figure 3-2).  By changing the angle at the bend in 

the plastic to match the MTP joint angle and moving the tool distally and proximally a “sweet-spot” could 

be found where the tool rested securely in place.  The operator simultaneously had to flex and extend the 

toe until the tool fit into the crevice between the toe and metatarsal bones ensuring that it was sitting in 

the joint space and not on either of the bones.  The proximal slot had pointed towards the hallux extensor 

tendon at the ankle.  The tool was oriented along the length of the metatarsal bone it was measuring 

without taking it out of the joint line.  A single ballpoint pen mark was placed in the hole of the tool 

which would mark the distal end of the metatarsal bone where it forms the joint.  A line was then drawn 

in the slot in the tool, crossing over the navicular and talus.   
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Figure 3-2. Showing the measurement of the 1
st
 metatarsal shaft. The 

MTP joint is dorsiflexed and the bend in the plastic is placed in the joint 

line.  A line is drawn through the slot over the navicular and talus. 

 

The procedure was then repeated for the 2
nd

 metatarsal.  For the 2
nd

 metatarsal the line was drawn 

in the slot of the tool so that it intersected the first line.  Depending on the inter-metatarsal angle this 

intersection occurred somewhere over the navicular or the talus (see Figure 3-3 and 3-5).  The markings 

were erased using an alcohol pad and the process was repeated seven more times for each subject.  Each 

time the markings were recorded by taking a digital photo from a tripod-mounted camera.  The photo was 
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taken from 45cm above the foot with the camera pointed straight down.  The focus circle on the LED 

screen of the camera was lined up with the dot on the 2
nd

 metatarsal head.  A leveling tool was used to 

make sure the camera was mounted the same way each time.  A single shot was taken for each set of 

markings. 

 

Figure 3-3. Example of the markings on the foot. The distance from the intersection of the lines to 

each respective metatarsal head was measured using GIMP software. 

 

3.2.5 Measuring the metatarsal protrusion ratio on the photos 

 The distance from the intersecting lines to the mark on each MTP joint was quantified using 

GIMP software (see Figure 3-4).  This software has many useful tools and is free to download from the 
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Internet.  The intersection of the lines and each dot on the foot were amplified by placing a darker black 

dot using the “paintbrush” tool.  The image was re-saved.  Then, using the “compass” tool, a line was 

drawn from the single dot on the dorsal midfoot to each of the metatarsal dots and the distance in pixels 

was recorded. 

 

 

Figure 3-4. Illustration of the metatarsal protrusion measurement. The distance from the 

intersection of the lines to the pen mark on the 1
st
 and 2

nd
 MTP joints is measured.  

Metatarsal protrusion ratio = d1/d2. 
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A spreadsheet recording the metatarsal protrusion was developed for each subject and the ratio of 

the distance to the 1
st
 metatarsal head/distance to the 2

nd
 metatarsal head was calculated.  For calculating 

the mean and standard deviation of the ratios of the eight trials we used a method borrowed from figure 

skating competition where the largest and smallest ratios were removed to decrease the error.   

 

Figure 3-5. Illustration of measurement technique. Please note that measurements 

were performed on photographs, not x-rays. This figure shows the underlying 

anatomy.  

3.3 Part 2 – Gait analysis 

Part 2 of the study was performed in the Human Mobility Research Center gait lab in the 

Kingston General Hospital.  Subjects were asked to participate in the gait analysis after completing Part 1.  

The gait testing was performed on 30 subjects in a lab equipped with a force plate and motion tracking 

cameras. 

3.3.1 Kinetic measurements: Force plate 

The subjects were tested individually in the gait lab.  The ground reaction force data were 

collected using a force plate (AMTI, Watertown, MA, USA) mounted flush with the floor (Figure 3-6). 

Six channels of data were collected from the force plate to give forces in all three directions (x=ML GRF; 
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y=AP GRF; z=Vert GRF) and moments about all three axes.  The force plate data were collected at 100 

Hz.  

 From this data we calculated the center of pressure using the equations: 

COPx=My/Fz and COPy=Mx/Fz 

 

Figure 3-6. Subject walking across the floor-mounted force plate.  

The subjects took several practice trials to ensure they were comfortable walking while 

instrumented and to set their starting point so they would hit the force plate consistently with their left 

foot while taking a normal step at a self-selected pace.  A piece of tape was placed on the floor to mark 

their starting point.  Testing was concluded when ten trials had been completed with the left foot hitting 

the forceplate without going over the border.   

3.3.2 Kinematic measurements: Motion tracking 

Infrared light emitting (IRED) markers were attached to the medial side of the left foot.  The left 

foot was chosen due to the placement and orientation of the cameras in the lab: we needed to capture 

movement on the medial side of the foot and the cameras were positioned on the right side of the room 

(see Figure 3-8).  The markers were attached to the foot using 2-sided sticky tape in five locations: medial 
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hallux at the inter-phalangeal joint; medial 1
st
 metatarsal-phalangeal joint; medial 1

st
 metatarsal shaft at 

the base of the bone; medial malleolus; and medial calcaneus (see Figure 3-7).  Care was taken to place 

the markers so they would be visible by the cameras.  The three markers at the toe and metatarsal were 

placed so that a 1
st
 metatarsal dorsiflexion angle could be calculated, which required the MTP joint 

marker to be placed on the joint line. The heel and malleolus markers were attached to help with 

identifying various gait stages (i.e. when the heel marker moves vertically the foot is in the propulsion 

phase).   Motion data were collected using an Optotrak motion tracking camera system (Northern Digital 

Inc., Ontario, Canada).  Data were collected at 100Hz. 

 

 

 

Figure 3-7. IRED placement.  Marker 1 at the IP joint of the hallux; Marker 2 at the 1
st
 MTP joint; 

Marker 3 at the base of the 1
st
 metatarsal; Marker 4 at the medial malleolus; Marker 5 at the 

medial calcaneus. 
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Figure 3-8. Camera placement. Two cameras are placed at different angles to the forceplate 

so that the marker positions are captured while the opposite leg is swinging through. 

 

3.4 Data collection  

3.4.1 Part 1 – Static foot measurements 

We calculated the metatarsal protrusion ratios from all eight photos and then eliminated the 

highest and lowest ratios.  From the remaining six measurements the mean ratio and the standard 

deviation from the mean were calculated for each subject.  Subjects whose mean metatarsal protrusion 

ratio was more than one standard deviation below the mean of all 65 subjects were assigned to the short 

1
st
 metatarsal protrusion group and those whose ratio was more than one standard deviation above the 

group mean were assigned to the long 1
st
 metatarsal protrusion group. 
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3.4.2 Part 2 – Dynamic foot measurements 

The results from the forceplate and motion cameras were collected for the 30 subjects tested in 

Part 2.  Values for the medio-lateral, antero-posterior, and vertical values of ground reaction force, center 

of pressure, and each of the five foot markers were put into a file to be processed in Matlab.  As the 

motion cameras and forceplate were synchronized these data showed when the foot was touching the 

forceplate and if the infrared markers were moving.  From the motion data we calculated the dorsiflexion 

angle of the 1
st
 metatarsal joint to help describe foot motion.  This angle is oblique when the foot is in its 

resting position and the angle becomes smaller as dorsiflexion occurs.  This happens in the propulsion 

phase of gait when the heel is lifted off the ground.  The hallux maintains contact with the ground, the 1
st
 

MTP joint is the center of rotation, and the marker on the base of the 1
st
 metatarsal shaft moves vertically 

and forward as the joint dorsiflexes.  The 1
st
 MTP joint angle was calculated by subtracting the two angles 

formed by the center of rotation at the 1
st
 MTP joint (angle from marker 3 to marker 2 and marker 2 to 

marker 1 (absolute value)) from 180 degrees.  

In the latter part of mid-stance, as the foot prepares for propulsion, several forces reach their 

maximum, as the foot changes from shock absorption (pronation) to semi-rigid lever in order to propel the 

body forward.  Using a custom-built Matlab program (Matlab 7.12, Mathworks, Natick, MA, USA) the 

values of several kinetic and kinematic variables at various points were taken.  Table 3-2 describes these 

variables. 

  



44 

 

Table 3-2. Outcome measures and their description  

Short Name Description 

 

Entire stance phase variables 

GRF-AP Max Maximum antero-posterior ground reaction force (N)  

GRF-AP Min Minimum antero-posterior ground reaction force (N)  

Stance-time Amount of time (s) foot was on the forceplate - one step 

COP-ML Range Range of center of pressure in medio-lateral direction (mm) 

COP-AP Range Range of center of pressure in antero-posterior direction 

(mm) 

Stance-direction Direction of center of pressure path (deg) 

 

Late stance phase variables 
COP-Toe Minimum distance (mm) between COP and toe marker 

COP-Meta Minimum distance (mm) between COP and metatarsal 

marker 

GRF-ML Min Minimum medio-lateral ground reaction force (N)  

GRF-ML Max Maximum medio-lateral ground reaction force (N)  

GRF-Vert Max Maximum vertical ground reaction force (N) 

GRF-AP Max/ML Min 

Ratio 

Maximum antero-posterior GRF/minimum medio-lateral 

GRF ratio 

Max Toe Angle Maximum dorsiflexion angle at 1
st
 MTP joint (deg) 

Direction – Late Direction of center of pressure path (deg) 

GRF-ML Max Toe Medio-lateral ground reaction force (N) at the time of 

maximum 1
st
 MTP joint dorsiflexion  

GRF-AP Max Toe Antero-posterior ground reaction force (N) at the time of 

maximum 1
st
 MTP joint dorsiflexion 

GRF-AP Max/ML Min 

Max Toe Ratio 

Antero-posterior/medio-lateral ground reaction force ratio  at 

the time of maximum 1
st
 MTP joint dorsiflexion angle 

GRF-ML  Max Vert Medio-lateral ground reaction force (N) at the time of the 

maximum vertical ground reaction force  

GRF-AP  Max Vert Antero-posterior ground reaction force (N) at the time of the 

maximum vertical ground reaction force 

GRF-AP Max/ML Min  

Max Vert Ratio 

Antero-posterior/medio-lateral ground reaction force ratio at 

the time of maximum vertical ground reaction force point 

  

 

The variables in Table 3-2 were chosen to identify the forces at various points in the gait cycle.  

For instance, at maximum 1
st
 MTP joint dorsiflexion the heel is off the ground and the weight of the body 

is on the metatarsal heads, so variables (e.g. GRF-AP Max Toe) were chosen to determine whether the 

forces were different between feet with varying metatarsal protrusion ratios at a certain point in a step 

(usually in the propulsion phase).  The path of the center of pressure changes throughout the gait cycle.  
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The variables COP-Meta and COP-Toe identify the center of pressure distance from the markers at two 

distinct points.  By calculating the minimum COP distance from the markers at the 1
st
 MTP joint and 

hallux we have an indication of the differences in center of pressure changes in feet with varying 

metatarsal protrusion ratios at these two points in the propulsion phase.  The variable GRF-AP Max/ML 

Min Ratio explores the relationship between antero-posterior and medio-lateral shear forces during 

propulsion.  We calculated this force ratio in order to investigate whether there are compensations that 

occur with varying metatarsal protrusion ratios, for example whether as the medio-lateral shear force is 

smaller, the antero-posterior force is larger. 

The graph in Figure 3-9 is an example of the forces and toe angle changes occurring during a 

typical step from mid-stance through toe-off.  The vertical ground reaction force peaks as the heel starts to 

lift off.  After heel lift-off, the 1
st
 MTP joint reaches its maximum dorsiflexion angle and the medio-

lateral shear force reaches its maximum (negative) value as the foot re-supinates and makes its final push-

off.   

3.5 Statistics 

No previous literature has presented data on ground reaction forces in feet with short 1
st
 

metatarsal protrusion.  Although our hypothesis was that ML shear forces would be greater in feet with a 

low 1
st
 metatarsal protrusion ratio, we wanted to investigate other variables such as center of pressure 

changes and forces at different gait points of reference.  Initially we performed regression of several 

variables (described in Table 3-2) with metatarsal protrusion ratio.  We repeated the regression 

controlling for subjects’ body weight but there were no significant differences in the correlations.  There 

was only moderate correlation for some variables with metatarsal protrusion ratio; however, there was 

some polarization of results for certain variables (see Figure 4-2).  Because of the polarization of results 

and the question of whether the data in the middle of the regression graph (subjects with “normal” 

metatarsal protrusion ratios) were affecting the correlation, we performed a T-test using the variables 

from Table 3-2 comparing two groups (low and high 1
st
 metatarsal protrusion ratio).   
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Figure 3-9. Graph showing vertical, antero-posterior and medio-lateral ground reaction forces, the 

position of the heel marker, and the angle of the 1
st
 MTP joint from a typical subject’s data.  This is 

to illustrate the relative timing of kinetic and kinematic changes during the propulsion phase.  For 

scaling purposes, the heel height (displacement (mm)), 1
st
 MTP joint angle (degrees) and ML and 

AP shear forces (N) are all on the primary vertical axis on the left side of the graph.  The vertical 

GRF (N) is on the secondary vertical axis due to the large range of data (0-900 N).  
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Chapter 4 

Results 

 

4.1 Reliability of measurement tool 

As this was a novel measurement tool it was necessary to test its intra-examiner reliability.  Nine 

subjects were tested at least one week after their first measurements using the same procedure described 

previously and the same operator (M.G.) in a test-retest study.  The tool was very reliable with a single 

measure ICC3,k (intraclass correlation coefficient) of 0.917 (confidence interval: 0.697 to 0.980).   

 

Table 4-1. Test-retest results.  Trial 1 and Trial 2 were performed using the methods described in 

Sections 3.2.4 and 3.2.5. 

 Trial 1 Trial 2 

Subject # 
Mean 
Ratio SD 

Mean 
Ratio SD 

45 0.878 0.007 0.879 0.012 

46 0.962 0.008 0.963 0.008 

47 0.974 0.002 0.974 0.002 

48 0.936 0.007 0.932 0.005 

49 0.882 0.006 0.881 0.007 

58 0.971 0.010 0.973 0.006 

59 0.930 0.012 0.935 0.008 

60 0.898 0.008 0.896 0.003 

61 0.912 0.006 0.917 0.007 

 

4.2 Photograph measurements 

The mean (standard deviation) metatarsal protrusion ratio for all 65 subjects tested was 0.902 

(0.036) which indicates that on average the 1
st
 metatarsal protruded 90% as far distally as the 2

nd
 

metatarsal.  Figure 4-1 shows the frequency of metatarsal protrusion ratios for all 65 subjects.  
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Figure 4-1. Frequency of metatarsal ratios in Part 1 of the study n=65. 
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4.3 Kinematic and Kinetic variables 

Table 4-2 shows the mean values for the variables from the gait analysis study (Part 2).   

 

Table 4-2. Statistics for all 30 subjects. Mean values from ten walking trials.  N=30.  Average from 

10 walking trials of 1 step. 

 
Minimum Maximum Mean 

Std. 
Deviation 

Metatarsal protrusion ratio 0.81 0.97 0.90 0.04 
COP-Toe (mm) 36.38 66.59 49.23 7.11 
COP-Meta (mm) 31.08 58.50 40.30 6.21 
Stance-time (s) 0.56 0.89 0.68 0.07 
GRF-ML Min (N) -66.40 -11.94 -31.04 12.92 
GRF-ML Max (N) -0.87 14.69 4.54 4.58 
GRF-AP Min (N) -247.97 -62.01 -112.52 39.12 
GRF-AP Max (N) 78.94 242.80 134.57 36.50 
GRF-Vert Max (N) 552.32 1188.37 794.92 150.27 
GRF-AP Max/ML Min Ratio -14.49 -2.49 -5.15 2.43 
Max Toe (deg) 29.71 107.31 39.34 14.02 
COP-ML Range (mm) 165.38 229.16 194.10 17.13 
COP-AP Range (mm) 13.54 64.06 29.78 11.47 
Stance-direction (deg) -0.11 0.31 0.08 0.09 
Direction – Late (deg) -0.65 0.06 -0.36 0.15 
GRF-ML Max Toe (N) -18.38 13.38 -0.67 7.10 
GRF-AP Max Toe (N) 30.27 219.53 92.91 39.52 
GRF-AP Max/ML Min Max Toe 
Ratio 

-431.69 154.06 -24.12 105.93 

GRF-ML Max Vert (N) -64.18 -5.59 -28.36 13.77 
GRF-AP Max Vert (N) 37.07 202.08 88.76 34.79 
GRF-AP Max/ML Min Max Vert 
Ratio 

-19.83 -1.67 -4.75 4.68 

Weight (kg) 54.50 95.50 74.08 11.90 
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4.4 Correlation of metatarsal ratios with key kinematic and kinetic variables 

The metatarsal protrusion ratios of the 30 subjects who were tested in the gait study (Part 2) were 

regressed against several key variables.  The variables were identifiable points in the gait cycle, such as 

GRF-AP Max Toe (the antero-posterior ground reaction force when the 1
st
 MTP joint was maximally 

dorsiflexed).  There was no significant correlation between metatarsal ratio and any of the variables 

identified.  A few of the correlations approached significance.  They are summarized in Table 4-3.  All 

other variables showed poor correlation to metatarsal protrusion ratio.  The correlations were not affected 

by body weight or gender (see Table 4-4). 

Table 4-3. Correlation of key variables with metatarsal protrusion ratio 

Variable Correlation (r) p value 

GRF-AP Max Toe -0.351 0.057 

GRF-AP Min 0.320 0.085 

GRF-AP Max/ML Min Ratio 0.308 0.097 

 

 

The variable GRF-AP Max Toe had the strongest correlation (r=-0.351) with metatarsal 

protrusion ratio (close to significance at p=0.05); however, Figure 4-2 shows that this relationship may 

have been affected by an outlier.  When the outlier was removed the relationship was not as strong.  You 

can see on the graph that there is still a relationship between the variables, even with the outlier removed, 

but it is not as strong.   
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Figure 4-2.  Antero-posterior force (N) at maximum toe dorsiflexion angle for all 30 subjects. The 

top left subject is an outlier, which improves the correlation. A trendline has been inserted. 

 

Table 4-4. T-test comparing the weights and genders of subjects from the short 1
st
 metatarsal group 

and long 1
st
 metatarsal group. There is not a significant difference for weight between groups 

(p=0.326).  

Short 1st metatarsal group Long 1st metatarsal group 

Subject Weight (kg) Gender Subject Weight (kg) Gender 

16 59.09 F 2 72.73 F 

15 59.09 F 13 79.55 M 

19 61.36 F 5 81.82 M 

20 77.27 F 28 86.36 M 

21 70.45 F 14 81.82 M 

17 84.09 M    

25 84.09 M    
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4.5 Determining the groups 

The mean ratio for all 65 subjects tested was 0.902.  The standard deviation for these metatarsal 

ratios was 0.036 and, therefore, the subjects that were placed in the short 1
st
 metatarsal protrusion group 

statistically had a metatarsal protrusion ratio smaller than 0.866 (greater than 1 SD below the mean) and 

the subjects assigned to the long 1
st
 metatarsal group had a metatarsal protrusion ratio larger than 0.938 

(greater than 1 SD above the mean).  The short 1
st
 metatarsal protrusion group contained 7 subjects and 

the long 1
st
 metatarsal protrusion group contained 5 subjects. 

4.6 Between groups T-test 

Table 4-5 includes the notable results of the T-tests comparing the mean values of the variables in 

Table 4-2 between the short 1
st
 metatarsal group and the long 1

st
 metatarsal group.  The variables in Table 

4-5 were either significantly different (p<0.05) or approaching significance.  Equal variances were 

assumed, according to Levene’s test for equal variances.   

 

Table 4-5. T-test comparing the means of short 1
st
 metatarsal subjects (n=7) versus long 1

st
 

metatarsal group subjects (n=5).  Equal variances are assumed after performing Levene’s test for 

equality of variances. 

Variable t p value 
Std. Error 
Difference 

GRF- M-L Max Toe 1.754 0.107 3.694 

GRF- A-P Max Toe -2.479 0.031 21.741 

COP - Meta -1.770 0.104 3.300 

 

 

The following graphs show the differences between groups for the variable AP-Max Toe (Figure 4-3) and 

the group differences for the mean ML shear force curves (Figure 4-4) and mean AP shear force curves 

(Figure 4-5).  There were noticeable group differences, although the only statistically significant between-

group difference was for the variable AP-Max Toe. 

 



53 

 

   

Figure 4-3. Graph of GRF-AP Max Toe showing the group differences. The squares represent the 

short 1st metatarsal group, and the triangles represent the long 1st metatarsal group. 
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Figure 4-4. Mean ML force curves for the short 1
st
 and long 1

st
 metatarsal protrusion groups. The 

mean for each group is shown by the solid black line.  The lightest shading (top band of shading) 

represents ± 1 SD for the long 1
st
 metatarsal group and the medium shading represents ± 1 SD for 

the long 1
st
 metatarsal group.  The darkest shading represents the overlapping ± 1 SD for the two 

groups. The short 1
st
 metatarsal protrusion group has a lower peak (negative value) at 

approximately 70% of stance, and a lower peak (positive value) at approximately 90% of stance 

and the long 1
st
 metatarsal group has a higher peak (negative value) at approximately 70% of 

stance, and a higher peak (positive value) at approximately 90% of stance. 
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Figure 4-5. Mean AP force curves for the short 1
st
 and long 1

st
 metatarsal protrusion groups. The 

mean for each group is shown by the solid black line. The lighter shading represents ± 1SD for the 

short 1
st
 metatarsal group and the darker shading represents the overlapping ± 1SD for both 

groups.  The ± 1SD for the long 1
st
 metatarsal group is mostly contained within the overlapping 

dark shaded band so it is not visible on this graph.  The short 1
st
 metatarsal protrusion group has a 

higher peak in the propulsion phase (around 85% of stance).   
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Chapter 5 

Discussion 

 

5.1 Part 1 – Static foot measurements  

Foot practitioners have traditionally defined Morton’s syndrome as a foot with a 1
st
 metatarsal 

that is shorter than the 2
nd

 or 3
rd

, but this is a broad definition for a supposedly serious structural 

deformity.  For Morton’s syndrome to be considered a significant foot problem, it must not only appear 

significantly shorter but also perform mechanically in a way that distinguishes it from normal feet.  For 

the purposes of our study we described a short 1
st
 metatarsal as one that has a metatarsal protrusion ratio 

that is more than one standard deviation below the mean.  Based on normal statistics this included 16% of 

the participants.  Our study did not determine that feet in the short metatarsal group were significantly 

different from feet in our control group.  

The results of our measurement study (Part 1) seem dubious using the traditional method of 

defining Morton’s syndrome as simply having a 1
st
 metatarsal that is shorter than the 2

nd
.  Considering 

that the range of metatarsal ratios in our study was 0.82 to 0.98 there is either a flaw in the traditional 

definition of Morton’s syndrome or there was a problem with our measurement technique.  As no subjects 

had a 1
st
 metatarsal with greater distal protrusion than the 2

nd
 the results of our study using the traditional 

definition would show that 100% of the subjects had Morton’s syndrome.   

The tendency towards a ratio smaller than 1.0 in Part 1 of our study may be due to a bias in the 

measurement technique.  Geometric measurements can be influenced by the orientation of the lines.  In 

our study the length of each ray depends on the orientation of the line that represents that ray. If the initial 

line is drawn along the 1
st
 ray and the line for the 2

nd
 ray is drawn to intersect the 1

st
 then the 2

nd
 ray will 

be lengthened.  If the initial line is drawn along the 2
nd

 ray and the line for the 1
st
 ray is drawn to intersect 
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the 2
nd

 then the 1
st
 ray will be lengthened. The bias towards a longer 2

nd
 and shorter 1

st
 metatarsal (to give 

metatarsal protrusion ratios consistently less than 1.0) in our study may be because we drew our initial 

line along the 1
st
 ray causing the length of the 2

nd
 metatarsal to be exaggerated.  Our measurement tool fit 

more easily into the joint space when aligned straight with the bone so the line tended to follow the 

medial border of the foot (along the 1
st
 ray).  We drew the line from the 1

st
 metatarsal first and then the 

line from the 2
nd

 MTP joint was drawn to intersect with the first line so the intersection point was closer 

to the medial side of the midfoot rather than in the middle.  This may have caused the line from the 2
nd

 

MTP joint to be consistently longer, predisposing the measurement to show a longer 2
nd

 so that the ratio 

was never above 1.0.  Figure 2-7 and Figure 5-1 illustrate this effect. 

 

 

Figure 5-1.  Three triangles illustrating the difference in d1 and d2 depending on orientation of the 

lines. In triangle a) d1 is shorter than d2. In triangle b) the distances are equal. In triangle c) d1 is 

longer than d2. Our measurement technique most closely resembles triangle a).  See Figure 2-8 for 

another example.  

 

Authors of metatarsal protrusion studies should be careful when presenting their results, as a bias 

towards a long or short 1
st
 may exist with any measurement technique, even when using x-rays.  In our 

study, the first measurement was always taken in line with the 1
st
 ray so that the line from the 2

nd
 MTP 

joint intersected in the midfoot somewhere over the head of the talus or the navicular.  Glasoe et al. 

(2000) chose the navicular tubercle as the midfoot reference point in their relative metatarsal length study 
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and their ratios were similar to ours.  Their results were presented in millimeters rather than as a ratio but 

from the lengths reported we know that the 1
st
 metatarsal was consistently shorter than the 2

nd
 in both 

their test and control groups.  On average the participants in their control group (n=15) had a 1
st
 

metatarsal shorter than the 2
nd 

metatarsal (11.2mm ± 4.5mm shorter than the 2
nd

 metatarsal) and the stress 

fracture group (n=15) had a 1
st
 metatarsal 11.9mm ± 3.8mm shorter than the 2

nd
 metatarsal.  Similarly, 

Drez et al., (1980) chose the highest point of the talar head, which sits behind the navicular on the medial 

side of the midfoot, as their reference point.  Their study showed an average metatarsal ratio of 0.964 in a 

control group and 0.969 in a group with 2
nd

 metatarsal stress fractures, both lower than 1.0.  Choosing a 

line of reference or midfoot anatomical reference point on the medial border of the midfoot (in line with 

the 1
st
 metatarsal) appears to show a greater incidence of feet with a metatarsal protrusion ratio of less 

than 1.0 (a greater incidence of Morton’s syndrome) which may make this condition seem more prevalent 

than it is. 

5.2 Reliability of the novel measurement tool 

The intra-rater ICC3,k for our tool was 0.917, which was indicative of good reliability (Portney & 

Watkins, 2000).  Our technique was only applied by one operator and, therefore, we cannot speculate as 

to its inter-rater reliability. Our reliability results compare favourably to other studies measuring relative 

metatarsal protrusion manually.  Glasoe et al. (2000) found their measurement had poor reliability (ICC3,1 

of 0.36).  They developed a novel technique of palpating the navicular and using calipers to measure the 

distance from the tubercle to the 1
st
 and 2

nd
 metatarsal joints.  Their poor reliability may be due to the 

difficulty of locating bony prominences as we found in our pilot study.  When pilot testing a simple 

palpation technique, where we measured from the navicular tubercle to the metatarsal heads, we found 

that the error between trials for a participant was as large as the difference across participants (see Table 

3-1).  Davidson et al. (2007) found that two palpation methods for measuring metatarsal protrusion ratio, 

including the Glasoe et al. (2000) study’s method had good reliability (Portney & Watkins, 2000) with 

ICC of 0.67 and 0.76 for inter-rater reliability, in spite of the original Glasoe et al. (2000) study only 
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calculating an ICC rating of 0.36.  The only other manual measurement technique in the published 

literature is from Rodgers and Cavanagh (1989).  In their study the metatarsal head was marked with 

adhesive paper stickers then subjects stood on an ink pad and a line was drawn from the most posterior 

point of the heel to each respective metatarsal head.  The authors’ criterion for assigning a subject to the 

Morton’s syndrome group was that the 2
nd

 metatarsal was at least 8mm distal to 1
st 

metatarsal.  It is 

difficult to compare their results to other studies as they reported their metatarsal protrusion results in 

millimeters instead of as a ratio and the accuracy of this method has been questioned by Glasoe et al. 

(2002).  Rodgers & Cavanagh (1989) did not report the reliability of their technique but we can assume it 

would be just as difficult to palpate a specific location on a metatarsal head consistently as it would to 

palpate the navicular tubercle.  The results of our reliability study compare favourably to those of other 

palpation studies perhaps due to the standardization of the template rather than simple palpation. 

5.3 Clinical application of the tool 

 Using x-rays to measure metatarsal protrusion is neither cost-effective, time-effective, nor is it 

justified, since healthy bodies are exposed to radiation unnecessarily.  One purpose of designing the 

metatarsal measurement tool was to measure healthy feet for our study; and the other was to create a tool 

that would measure metatarsal protrusion ratio quickly and accurately in a clinical setting.  On this second 

point we did not succeed, as each subject’s foot was measured eight times.  Taking the eight photos and 

measuring each one on the photo software took approximately 30 minutes, which most clinicians would 

deem too long, and disproportionate to the severity of the symptoms purported to be caused by Morton’s 

syndrome.  For our study it was most important to obtain an accurate metatarsal protrusion ratio, which is 

why it was deemed necessary to perform the measurement eight times and drop the highest and lowest 

ratios. 

5.4 Correlation of variables to metatarsal protrusion ratio 

Some of the kinematic and kinetic variables correlated moderately with metatarsal protrusion 

ratio, including GRF-AP Max/ML Min Ratio, GRF-AP Max Toe, and GRF-AP Min.  Notably, all three 
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variables were related to the AP force and there was very poor correlation between the ML force variables 

and metatarsal ratio.  We hypothesized that there would be an increase in ML shear force with Morton’s 

syndrome, due to the shorter 1
st
 ray, but this did not occur.  In our study the AP forces were negatively 

correlated with metatarsal protrusion ratio, meaning that the lower the ratio, the higher the AP forces were 

during propulsion.  As the correlation between variables in the AP direction and metatarsal protrusion 

were unexpectedly stronger than the ML variables, we must look for an explanation for this in other 

studies.   

There is a dearth of research specifically measuring forces at the forefoot of feet with Morton’s 

syndrome so it is difficult to compare our results to those of other studies.  Hallux valgus is the closest 

comparable foot condition to Morton’s syndrome due to alterations in 1
st
 ray function and resulting 

ineffectiveness of the hallux in propulsion (Saltzman et al., 1997).  In Morton’s syndrome the 1
st
 

metatarsal is shorter, while in hallux valgus the 1
st
 metatarsal bone shifts laterally (there is an increased 

inter-metatarsal angle between the 1
st
 and 2

nd
 metatarsal bones) and the hallux shifts medially causing 

disordered 1
st
 MTP joint mechanics.  There is often a hypermobile 1

st
 ray in hallux valgus, which is 

another reason why it makes a good comparison with Morton’s syndrome.   

As with our study, the results of kinetic tests of feet with hallux valgus have provided unexpected 

results.  Although authors have speculated that feet with hallux valgus have disordered forefoot 

propulsion mechanics (Deschamps et al., 2010) and increased ML shear force under the hallux (Talbot et 

al., 1999) but this has not been observed when the forces at the forefoot have been measured.  Yavuz et al. 

(2009) measured force at specific metatarsal heads and toes during propulsion using a custom built 

pressure-shear distribution device and did not find a significant difference in ML shear forces in feet with 

hallux valgus when compared to normal feet.  They did, however, find a difference in AP force, as did our 

study.  Comparing feet with hallux valgus to a control group, peak propulsive AP shear force was 

approximately 20% lower under both the hallux and the 1
st
 metatarsal and 15% higher under the lateral 

metatarsal heads in the hallux valgus feet.  The authors were also surprised to find that peak-to-peak ML 
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shear force under the hallux was not different between the hallux valgus group and their control group.  

Hallux valgus feet appear to compensate for disordered 1
st
 ray mechanics partly by shifting the propulsion 

duties to the lateral forefoot structures. 

It may help to explain the increased AP shear force at push-off to note that in feet with hallux 

valgus the vertical ground reaction force is altered when compared to normal feet.  When observing the 

forces under discrete areas of the forefoot during the push-off phase in feet with hallux valgus Hayafune 

et al. (1999) calculated a significant negative correlation between the forces under the hallux and under 

the 2nd, 3rd, and 4th metatarsals.  The authors concluded that when the hallux and 1
st
 metatarsal were 

loaded there was significantly less load on the lesser metatarsals and vice versa.  There was a strong 

negative correlation between vertical ground reaction forces on the medial forefoot and those on the 

lateral forefoot.  This does not explain an overall effect of increased AP shear force in propulsion; 

however, it does explain that reducing the effectiveness of the 1
st
 ray and hallux lever is not necessarily 

harmful to the propulsion abilities of the foot because although the load under the 1
st
 ray is reduced it is 

shifted laterally to the lesser metatarsals.  When using the lateral forefoot to propel the body forward 

different skeletal and soft tissue structures are recruited, so the forces will present differently. 

The change in load from the medial forefoot to the lateral forefoot with hallux valgus feet may 

indirectly explain some of the change in AP forces with Morton’s syndrome feet.  If the 1
st
 ray and hallux 

are shortened and are not able to resist the vertical ground reaction force to stabilize the medial 

longitudinal arch and forefoot, weight may be shifted laterally and, therefore, the soft tissue structures of 

the foot will be forced to compensate.  It is possible that the increased AP shear force under the 

metatarsals are related to the anatomical structure of the forefoot and the attachment of the plantar fascia.  

Hutton & Dhanendran (1981) write that the plantar fascia performs a lot of the work under the 1
st
 

metatarsal head as it is thickest there, so perhaps by being shorter on the medial side feet with Morton’s 

syndrome have reduced windlass effectiveness.  The force attenuating capabilities of the plantar fascia 

could be reduced due to the shorter 1
st
 metatarsal bone in Morton’s syndrome and the reduced 1

st
 MTP 
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joint dorsiflexion in valgus hallux and, therefore, more force is borne by the central metatarsals during 

push-off and greater propulsive push is required to propel the body forward which would be measured by 

an increase in AP shear force. 

In addition to changes in soft tissue function in feet with disordered 1
st
 ray mechanics there may 

be other skeletal adaptations.  By mapping the forces happening at specific regions of the forefoot using a 

capacitance mat with auto-masking software, Wearing et al. (2001) found that in a normal population the 

central metatarsals bore a consistently higher load than the hallux and lesser toes even at maximum toe 

dorsiflexion, just before push-off.  The study also found that the central metatarsals experienced a larger 

vertical GRF than the peripheral metatarsals even when those metatarsals were experiencing peak ground 

reaction force.  Wearing and colleagues (2001) speculated that the central metatarsals were the primary 

propulsive structures within the foot and that the 1
st
 ray and hallux were merely stabilizers.  Gross & 

Bunch (1988) also found that the greatest forces during propulsion were found under the 2
nd

 and 3
rd

 

metatarsals and hallux, not the 1
st
 metatarsal.  Yavuz et al. (2007, 2009 and 2010) examined the peak 

shear forces in people with healthy and disordered feet.  In people with hallux valgus the central regions 

of the forefoot were shown to bear increasing loads due to the reduction in the effectiveness of the lever 

arm of the medially deviated hallux (Yavuz et al., 2009).  The authors did not report whether total AP 

shear force produced by the foot was increased during propulsion, only that it was greater in the central 

and lateral metatarsals and reduced under the 1
st
 metatarsal and hallux.  It may be that disordered 1

st
 ray 

functioning in propulsion causes a change in strategy at the forefoot which can be measured by an 

increased force in the AP direction.  Perhaps a reduced ability of the 1
st
 metatarsal and hallux to push the 

body vertically (vertical GRF) causes a compensation by pushing the body forward instead (AP GRF) and 

this is performed more by the central metatarsals.  Wearing and colleagues’ theory that the hallux and 1
st
 

metatarsal act more as a stabilizer than as the driving force of propulsion may explain why the results of 

our study showed poor correlation between the ML shear force at the forefoot and metatarsal protrusion 

ratio, while showing a moderate correlation between AP forces and metatarsal protrusion ratio.  We 
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expected that feet with shorter 1
st
 metatarsal protrusion would “tip” towards the 1

st
 metatarsal (poor re-

supination in mid-stance) and that this would be measured by an increase in ML shear force, but it seems 

that the forces are increased in the AP direction instead.  The theory that the central metatarsals are the 

main levers for propulsion, while the 1
st
 metatarsal is merely a stabilizing agent needs to be investigated 

further, but there is some evidence to indicate that this is the case. 

It should be noted that the correlation of GRF-AP Max Toe to metatarsal protrusion ratio may 

have been skewed by an outlier.  Figure 4-2 shows that one value in the short 1
st
 metatarsal group is 

affecting the relationship.  When subject 17 is removed from the correlation calculation the Pearson 

correlation changes from -.351 to -.172.  It may be argued, however, that with a larger sample size this 

correlation would be stronger.  A power analysis showed that if there were ten short metatarsal group 

subjects and ten control subjects this correlation would be significant to p=0.05.  Figure 4-2 shows that 

there is a trend to higher AP ground reaction force values in the low metatarsal protrusion ratio subjects 

and lower values in the high metatarsal protrusion ratio subjects.  The mean values for the GRF-AP Max 

Toe variable were 125.10 N for the short 1
st
 metatarsal group and 83.04 N for the control group which 

was a significant difference.   

5.5 Group comparisons 

Only one variable – GRF-AP Max Toe – was significantly different between the short 1
st
 

metatarsal group and long metatarsal group.  This outcome corroborates the results of the correlation 

calculations, showing that the AP ground reaction force in the propulsion phase is influenced more by 

metatarsal protrusion ratio than ML forces are.  The only related study comparing Morton’s feet to a 

control group is Rodgers & Cavanagh (1989).  Their study found a significantly higher peak pressure 

under the forefoot in a group with Morton’s syndrome (1
st
 metatarsal at least 8mm shorter than the 2

nd
 

metatarsal) when compared to a control group with normal metatarsal protrusion.  The authors concluded 

that there was a significant difference in pressure under the 2
nd

 metatarsal between groups but they did not 

address a potentially more significant fact in the discussion of their findings that there was a significantly 
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higher peak pressure across all metatarsals in the Morton’s syndrome group compared to the control 

group.  Although peak pressure may have no relation to AP forces, if the entire forefoot is experiencing a 

significantly higher pressure during propulsion this is an indication that compensation is occurring as the 

forefoot is loaded.  We would expect that increased pressure at the forefoot would be measured by an 

increase in vertical GRF but, perhaps, there is also an increase in AP GRF as we found in our study.  As 

Wearing et al. (2001) concluded, the central metatarsals are the main levers in propulsion and shortening 

the lever of the 1
st
 ray only makes them work harder, which may explain the between groups difference in 

Rodgers & Cavanagh (1989) and the increase in AP shear force in propulsion in our study. 

5.6 Potential consequences of short 1
st
 metatarsal protrusion 

It has been hypothesized that a short 1
st
 metatarsal relative to the 2

nd
 metatarsal is a risk factor for 

developing 2
nd

 metatarsal stress fractures (Morton, 1935; Toth et al., 2007), although there is little 

evidence to support this assumption.  There is evidence showing that the 2
nd

 metatarsal is under greater 

stress due to higher forces and pressures but it has not been shown that this results in a greater frequency 

of stress fractures (Drez et al., 1980).  Hutton & Dhanendran (1979) showed that the load bearing area of 

the 2
nd

 metatarsal head is about half that of the 1
st
, while the 1

st
 metatarsal head carries approximately the 

same vertical load as the 2
nd

. Therefore, for the same total load distributed over each metatarsal head the 

pressure under the 2
nd

 is twice that under the 1
st
.  Hutton & Dhanendran (1979) suspected that this would 

predispose the 2
nd

 metatarsal to stress fractures.  Chuckpaiwong et al. (2007) discovered that a lower 

metatarsal protrusion ratio (1
st
 metatarsal approximately 0.80 of 2

nd
 metatarsal) contributes to an 

increased number of proximal 2
nd

 metatarsal stress fractures (this is a more difficult part of the bone to 

fracture due to its thickness and being tucked in between the 1
st
 and 3

rd
 metatarsals and cuneiform bones) 

but did not find that overall more subjects with 2
nd

 metatarsal stress fractures had a short 1
st
 or a long 2

nd
 

metatarsal.  The majority of evidence challenges that a short 1
st
 metatarsal or long 2

nd
 metatarsal is 

directly responsible for 2
nd

 metatarsal stress fractures.  Researchers have concluded that although peak 

pressure may be higher on the 2
nd

 and 3
rd

 metatarsal heads it is not the primary cause of stress fractures 
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(Coughlin & Jones, 2007b; Weinfeld et al., 1997).  More significant variables seem to be type of activity 

(dancing and running), diet, and intensity of training (Davidson et al., 2007).  Our study only contributes 

to this body of literature in that there is an increase in the AP force with a lower metatarsal protrusion 

ratio (short 1
st
 metatarsal group).  Considering that the 2

nd
 metatarsal bears more pressure due to the 

smaller diameter of its head, if it protrudes further forward and experiences a greater AP shear force 

during propulsion we can speculate that it would experience more wear and tear and, therefore, be at a 

greater risk for stress fractures, but this cannot be confirmed by our results. 

Another consequence of having a 2
nd

 metatarsal that protrudes further than the 1
st
 is metatarsalgia 

and callousing of the 2
nd

 metatarsal head.  Even in normal feet the 2
nd

 metatarsal head bears more pressure 

than the other metatarsals, but in Morton’s feet, as Rodgers & Cavanagh (1989) and Weber et al. (2012) 

point out, the 2
nd

 metatarsal head is the site of a significantly greater amount of pressure than the other 

metatarsal heads during propulsion.  Pressure, compounded by shear forces, causes callouses to form on 

the skin as well as aggravation of the underlying soft tissues on the metatarsals (Veves et al., 1992).  As 

our study found, AP shear forces are higher in feet with a lower metatarsal protrusion ratio and this, 

coupled with the evidence from Wearing et al. (2001) that the 2
nd

 and 3
rd

 metatarsals are primarily 

responsible for propulsion, should increase the incidence of callousing of the central metatarsal heads.  

Furthermore, in feet with diabetes, skin breakdown under the 2
nd

 metatarsal is an even greater risk factor 

(Mueller et al., 2003).  Due to sensory impairment and blood flow restrictions an ulcer in a diabetic foot 

can lead to amputation of the affected foot or limb.  Shear force in either the ML direction, AP direction, 

or both are assumed to be risk factors in developing ulcers (Yavuz et al., 2008).  The increase in AP shear 

force that we observed with a smaller metatarsal protrusion ratio (short 1
st
 metatarsal group) puts diabetic 

feet at greater risk of skin breakdown under the central metatarsal heads.  With the results from our study, 

however, we can only speculate as to specific areas of risk in the forefoot that are at greater risk because 

our forceplate measured force at the center of pressure but we did not map this onto the foot. 
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A lower 1
st
 metatarsal protrusion ratio has been implicated in hallux valgus development 

(Bednarz & Manoli, 2000).  With shorter 1
st
 metatarsal protrusion it is suspected that the forefoot rolls 

medially causing a shear force across the metatarsals and the hallux.  The results of our study do not 

support this theory as there was a weak correlation between ML shear force and metatarsal protrusion 

ratio in the propulsion phase and very little difference between the short 1
st
 metatarsal protrusion group 

and the long metatarsal protrusion group for any of the ML shear force variables.  This is consistent with 

other studies examining forces at the forefoot in propulsion.  When looking at specific regions of the 

forefoot, Yavuz et al. (2008) did not find a greater amount of shear force at the hallux even in feet with 

hallux valgus, which is surprising given the ineffectiveness of the hallux as a propulsive lever in hallux 

valgus feet (Deschamps, 2010; Talbot et al., 1999; Saltzman et al., 1997).  The theory that a short 1
st
 ray 

contributes to incidence of hallux valgus is further disputed by considerable evidence that a long 1
st
 

metatarsal is a significant risk factor in developing hallux valgus (Coughlin & Jones, 2007a; Munuera et 

al., 2007).  Our study did not show any increased ML shear force in the propulsion phase with lower 

metatarsal protrusion ratios, which seems consistent with the evidence that short 1
st
 metatarsal protrusion 

does not increase ML shear force significantly and, therefore, does not likely contribute to the 

development of hallux valgus. 

5.7 Poor correlation of variables in foot biomechanics 

Our study found very few significant correlations between metatarsal protrusion ratio and the 

multiple combinations of kinetic and kinematic variables that were assessed.  This may be because there 

were anatomical and biomechanical factors that were not accounted for in our study’s methodology.  

Structural factors such as arch height or ankle dorsiflexion were not measured and may have had a much 

greater influence on the outcome of the tests than relative metatarsal protrusion (Cavanagh et al., 1997) 

thus masking any of the effects of metatarsal protrusion.  A sample size of 65 was reduced to 30 for Part 2 

and further reduced to 12 (7 and 5) when subjects were separated into high and low metatarsal protrusion 

ratio. Subdividing these groups further into low, normal, and high arch groups reduced the already low 
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power of the study based on its small sample size.  Morag & Cavanagh (1997) found that although having 

relatively even metatarsal protrusion (a ratio of approximately 1.0) decreased pressure under the 1
st
 

metatarsal head, all of the anatomical and biomechanical factors they examined only accounted for 50% 

of the variance in pressure under the 1
st
 metatarsal head during walking.  There would seem to be other 

structural and biomechanical factors that affect foot mechanics and with a sample size as small as ours we 

could not account for these. 

Another consideration in the lack of correlation between metatarsal protrusion and kinematic and 

kinetic variables is that subjects with short 1st metatarsal protrusion may have adopted strategies for a 

reduced ability to re-supinate in propulsion.  Although the subjects did not report any lower limb pain 

prior to testing, it is possible that the Morton’s syndrome subjects had adopted a foot posture that 

mitigates the effects of short 1st metatarsal protrusion.  Just as people with hallux valgus (Yavuz et al., 

2009; Stokes et al., 1979) have been shown to put their weight on the lateral metatarsals to compensate 

for altered 1
st
 ray mechanics, perhaps people with short 1

st
 metatarsal protrusion do the same.  Due to the 

number of moving parts in feet, the number of structural and biomechanical factors as well as normal 

population variation, a large sample size would be required to have enough power to determine the effect 

for one specific variable, such as metatarsal protrusion ratio. 

5.8 Future studies 

There are some limitations to our study, both in the measurement of metatarsal protrusion ratios 

and the gait analysis.  Future studies should address these shortcomings with a larger sample size and 

more robust methodology. 

5.8.1 Metatarsal protrusion measurements 

Our methodology could have been improved by incorporating a single measure test to assess the 

clinical effectiveness of the measurement tool.  Measuring the foot eight times is too time consuming: for 

the tool to be useful to clinicians, it needs to deliver an accurate measurement of metatarsal protrusion in 

a single use.   
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Although we performed a test-retest study to determine the accuracy of the tool in reproducing 

the results on a different day, this only shows that the same operator can achieve similar results 

consistently, not that the tool will perform successfully for all clinicians.  Performing a similar follow-up 

study with a new operator to test inter-operator reliability would assess the tool’s reliability for all users 

and help establish its clinical worth. 

The most accurate way to measure metatarsal protrusion is to measure x-ray films.  There are 

some problems with x-ray measurements, such as the distortion of images due to the metatarsal 

inclination angle (Saro et al., 2005), but these are minor, and no doubt insignificant compared to the 

measurement error when using a palpation technique.  A follow-up study comparing the metatarsal 

protrusion ratio as measured by the clinical tool against an x-ray measurement would validate the results 

of the tool (Spooner et al., 1994).  As discussed previously, the ratio can be skewed by choosing the 

common point in the midfoot that is too far medial or lateral so that either the 1
st
 or 2

nd
 metatarsal 

protrusion is exaggerated, so care must be taken to use the same method for both the manual and x-ray 

measurements. 

5.8.2 Kinematic and kinetic measurements 

In our study, we used the kinematic data from the IREDs to determine movements of the foot, 

such as dorsiflexion of the 1
st
 MTP joint.  The position of the IRED markers does not describe where the 

foot is on the forceplate nor are we able to calculate which part of the foot specifically is causing the 

ground reaction force.  There are force measuring systems that are capable of calculating the forces under 

discrete areas of the foot by employing multiple sensors, rather than one big sensor.  Other studies 

(Kaipel, 2011; Yavuz et al., 2009; Leardini et al., 2001) have used hybrid systems with foot mapping to 

determine what part of the foot is producing a given ground reaction force.  These hybrid systems have a 

thin pressure-sensing mat laid over a force plate in order to simultaneously measure both.  The pressure 

mat gives a better indication of the structures of the foot in contact with the force plate.  In our study, 

when a negative shear force was measured, for instance, we could not say if it was due to medial forefoot 
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roll with push-off from the 1
st
 metatarsal and hallux or due to lateral weight transfer to compensate for the 

short 1
st
.   
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Appendix A 

Letter of Information & Consent Form 

 

A kinematic and kinetic analysis of feet with Morton’s syndrome. 

 

Dear   ________________________________ 

 

You are being invited to participate in a research study comparing the biomechanics of feet with 

Morton’s syndrome (short first metatarsal bone) and normal feet.  You can drop out of this study at any 

time without any risk of penalties, and all participant information will be kept in strict confidence.  You 

are asked to review this consent form with the researcher, so that he can explain the procedures in detail.  

Please feel free to ask questions at any time. 

 

Purpose and Aims of the Study: 

 This study is being conducted as part of a biomechanics master’s thesis.  Clinical experience 

shows that foot mechanics are different in feet with Morton’s syndrome, especially as the foot rolls into 

the toe-off phase of gait.  Existing research conducted on Morton’s syndrome feet has focused on 

symptoms of metatarsalgia (forefoot pain), using pressure mapping as the measurement tool. It is our 

intention to identify differences in ground reaction force between the two foot types, using a force plate in 

a controlled lab setting.  The purposes of this study are as follows: 

1. Measure the length of the metatarsal bones and identify feet with Morton’s syndrome. 

2. Measure the ground reaction forces acting on the forefoot at heel-off and identify differences 

between subjects with Morton’s syndrome and normal feet. 

3. Measure the kinematic movements of the foot during gait and identify differences between 

subjects with Morton’s syndrome and normal feet. 

4. Using the information from the measurements make assumptions about the gait of Morton’s 

syndrome feet. 

 

Procedures during testing: 

Part 1:  

Subjects will be required to spend 15-20 minutes sitting and standing. You will have pen marks 

placed on your foot which will be removed before the session ends. Photographs will be taken of your 

foot from the shin to the ground.  

Part 2: 
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Not all subjects will be eligible for/selected for Part 2. You will walk barefoot several times over 

a force plate mounted flush with the floor.  The force plate will record the force of your step when your 

foot is in contact with the ground. While walking you will wear several small markers (InfraRed Emitting 

Diodes (IRED)) placed on a number of locations on your leg and foot. These markers are non-invasive 

and require only a small amount of adhesive to remain attached to their specific point after which they can 

be easily removed.  These markers are tracked by a camera to determine the marker’s movement in three 

dimensions.  Our goal is to have you complete ten good trials.  

Before the trial, we will take measurements including your height, weight, foot length and the 

length of specific bones in the foot.  We will be placing a small mark on your foot with a ballpoint pen in 

four different places and measuring the distance between these marks using digital photography. 

 

Risks of procedure: 

 You will be asked to walk in bare feet on a hard tile floor, and will be standing or walking 

upwards of 30 minutes.  This should not be harmful, but can cause some general foot pain or fatigue.  It is 

encouraged that you take breaks between trials if necessary, and a chair will be provided so that you can 

sit between trials if you need to rest.  You will have ink on your foot.  This is not considered harmful and 

will only consist of four dots, which should wash off easily. 

 

Benefits of Participation: 

 There are no direct benefits to participating in this study 

 

Exclusion Criteria: 

 For Parts 1 and 2, anyone that has bunions and/or hallux valgus greater than ten degrees, or has 

had surgery to correct hallux valgus will be excused from this study.   

For Part 2 only, to minimize the risk of injury during this study, we are excluding anyone who 

currently has any foot, ankle or leg pain, or anyone that has had foot, ankle or leg pains in the last three 

months.    

  

Confidentiality: 

 As the principal investigator, I will maintain confidentiality of all information collected.  Your 

data will be collected and indexed using a subject number.  All files will be stored without names on 

secure password-protected computers and your data will be destroyed immediately on completion of the 

study. 
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Voluntary Nature of the Study: 

 Your participation in this study is completely voluntary and is not a required part of your student 

status.  You may withdraw from this study at any time without penalty or coercion.  Your data will be 

removed if you wish it withdrawn.  Decisions to withdraw will have no effect on your current academic 

standings. 

 

Liability:  

 By signing the consent form, you do NOT waive your legal rights nor release the investigator(s) 

from their legal and professional responsibilities.  

 

This study has been granted clearance according to the recommended principles of the Canadian 

ethics guidelines and Queen's policies. 

 

Subject Statement and Signature: 

 As a volunteer participant, I have read and understand the consent form for this study.  The 

purposes, procedures and technical language have been explained to me. I have been given sufficient time 

to consider the above information and understand that I may withdraw if I choose to do so. I have had the 

opportunity to ask questions which have been answered to my satisfaction. I understand that my 

participation is in confidence to the investigators of this study only. I am voluntarily signing this consent 

form below. I will receive a copy of this consent form for future reference. 

 

 If I am dissatisfied with any aspect of the study, or have questions, concerns or adverse events, I 

have been encouraged to contact the principal investigator Maclean Graydon at (613) 329-8360 

(5ramg@queensu.ca), Dr. Pat Costigan at (613) 533-6000 x 79037 (pat.costigan@queensu.ca); Chair of 

the Queen’s University General Research Ethics Board, Chair.GREB@queensu.ca. 

 

 

 

  

 

 

 

 

mailto:stevensj@post.queensu.ca
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By signing this consent form, I am indicating that I agree to participate in this Morton’s syndrome foot 

research study. 

 

 

 

             

Signature of Subject      Date 

 

  

 

By signing this consent form, I confirm that I have carefully explained the nature of the above research 

study to the subject. I certify that, to the best of my knowledge, the subject understands clearly the nature 

of the study and the demands, benefits, and risks involved to participants in this study. 

 

             

Signature of Witness      Date 

 


