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ChapterChapter 1 

Introductio n n 

Disorderss of the foot are a major cause of morbidity and mortality in people with diabetes 
mellituss and are a leading cause of hospitalization among such patients.20 Diabetic patients 
havee a 15-fold increased risk of lower-extremity amputation and as many as 40-70% of all 
non-traumaticc lower-extremity amputations are performed on diabetic patients.14;66 Foot 
ulcerationn is frequently reported and considered one of the most serious complications of 
thee foot. Foot ulcers precede the vast majority (85%) of lower-extremity amputations in 
patientss with diabetes.78 Foot ulceration develops in approximately 15% of diabetic 
patients;; its annual incidence is a little over 2% in diabetic patients' but 5-7.5% in patients 
withh peripheral neuropathy.2 The economic burden of diabetic foot ulceration is 
substantial.20'75176'1055 Prevention of ulceration has therefore emerged as a major goal in 
reducingg the number of amputations and overall morbidity in these patients and in lowering 
healthh costs related to treatment of diabetic foot complications. Experts in the field have 
emphasizedd the need for more insight in the pathophysiology of diabetic foot ulceration in 
orderr to develop better prevention and management strategies.55 

Peripherall  neuropathy, leading to a loss of protective sensation in the foot, is the key factor 
inn diabetic foot ulceration and ultimately affects approximately 50% of patients with 
diabetes.51;73;799 Elevated plantar pressure during gait is frequently measured at sites of 
neuropathicc ulceration and has been established prospectively as the major risk factor for 
plantarr ulceration.11;I9:103 In fact, it is now well-recognized that most diabetic foot ulcers are 
aa consequence of mechanical trauma that is not recognized by the patient because of 
peripherall  neuropathy.2G;79 Deformity of the foot has been widely imputed as a major factor 
inn elevating plantar pressure and ulceration in the diabetic neuropathic f0ot.4'18;22:6S;67:91 

Theree are, however, still many unproven hypotheses that try to explain how diabetic 
neuropathyy affects foot structure and how foot deformity affects plantar pressures during 
walking. . 

Onee of these hypotheses is that atrophy of the intrinsic muscles in the foot secondary to 
motorr neuropathy results in clawing and/or hammering of the toes, which causes a distal 
displacementt of the protective plantar fat pads under the metatarsal heads (MTHs) and, 
subsequently,, leads to elevated plantar pressures.21;42;52:6];89;92;94 This thesis aims at 
providingg quantitative experimental data that supports or rejects this suggested mechanism. 
Inn this introductory chapter, different aspects related to this topic are discussed and put into 
aa scientific context. This introduction will conclude with the aims and outline of this thesis. 
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Motorr  neuropathy and motor  function 

Distall  symmetric polyneuropathy (DSPN) is the most common form of diabetic 

neuropathyy ,5;51 DSPN affects the left and right lower extremities in a similar way and its 

progressionn is a distal-to-proximal phenomenon ('stocking and glove' distribution), where 

thee toes are affected before more proximal parts (lower leg) are involved.7;5l;t<n All 

componentss of the peripheral nervous system (i.e., sensory, motor, and autonomic) are 

involved.. Motor neuropathy in diabetic polyneuropathy can be defined as the process in 

whichh segmental demyelination combined with axonal degeneration of motor nerve fibers 

limitss the peripheral efferent stimulation of skeletal muscles in the lower and upper 

extremities,51 1 

Considerablee debate exists on the prevalence and staging of motor neuropathy in diabetic 

patients.. The conventional view is that DSPN is dominated by sensory and autonomic 

symptomss and deficits.43;51;104 Motor nerve impairment is considered a rare and rather mild 

manifestationn that develops only in later stages of neuropathic dysfunction.41 i51;82;l01 

However,, this view has been largely based on clinical impressions or non-quantitative 

measuress of muscle performance and has focused mainly on impairment at the ankle joint, 

wheree the distal-to-proximal progression of DSPN7;51;82 suggests that loss of function in the 

mostt distal muscles of the foot may be present before any obvious changes occur in more 

proximall  areas. 

Otherss have pointed out that DSPN is more a mixed motor and sensory 
neuropathyy .6;2,;26;38;52 Electrophysiological testing shows reduction or absence of action 
potentialss recorded from the intrinsic muscles.38 In further support of this view, 
standardizedd and quantitative studies of motor performance by isokinetic dynamometry and 
magneticc resonance imaging (MRI) have shown muscular atrophy in the feet and lower 
legs7;25;955 and significant decreases in muscle strength varying from 16-45%7;8;68;90 in 
diabeticc patients with neuropathy, where muscle atrophy and weakness are considered 
markerss for motor nerve degeneration. Furthermore, significant relationships have been 
establishedd between muscle atrophy, weakness, and severity of neuropathy.7;8;25:95 Finally, 
foott ulceration has been associated with significant impairment of motor nerve conduction 
velocityy as sub-clinical feature of neuropathy. ' ' * * 

Sensoryy neuropathy is usually emphasized in considerations of diabetic foot pathology. 

Thiss is understandable because sensory neuropathy is known to be permissive for 

ulceration.. However, the above review of the literature shows a significant motor 

componentt to diabetic neuropathy and suggests that motor neuropathy is more common in 
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DSPNN than previously thought and develops broadly in parallel with sensory neuropathy in 
manyy patients. 

Foott  deformity 

Foott deformity is commonly observed in patients with diabetes. Prevalence values of 66% 
havee been reported.102 The deformities seen include callus, hallux valgus, clawing or 
hammeringg of the toes, Charcot neuro-osteoarthropathy, partial foot amputation, forefoot 
varuss or valgus, and limited joint mobility. The prevalence of each deformity varies, with 
Charcott deformity not being very common91 but certainly the most devastating foot 
deformity,, and callus being the most prevalent abnormality found in the diabetic foot 
(51%).54;91 1 

Claww toes and hammer toes are the most common toe deformities in patients with diabetes; 
prevalencee values of 32% and 46% have been reported.5*91 A claw toe presents as 
hyperextensionn of the metatarsal-phalangeal (MTP) joint and hyperflexion of the proximal 
inter-phalangeall  (PIP) and distal inter-phalangeal (DIP) joints.33;69;TI A hammer toe is 
characterizedd by a hyperextended MTP joint, hyperflexed PIP joint and a hyperextended or 
neutrall  DIP joint59;69;71 These are the most commonly reported definitions of claw and 
hammerr toes and will be used in this thesis. The most important characteristic of both claw 
toess and hammer toes from a biomechanical point of view is thé hyperextended MTP joint. 
Forr this reason, we will not make a distinction between these toe deformities in this thesis 
andd speak of a claw/hammer toe deformity. 

Claw/hammerr toe deformity can involve one toe or multiple toes. Progressive subluxation 
off  the proximal phalanx and even dislocation of the MTP joint, the most severe 
complication,, may be present.59"69 Claw/hammer toes can be classified as flexible or 
rigid.23;333 In a flexible state, the toes are deformed while non-weight bearing but are 
realignedd when applying pressure on the ball of the foot (e.g. in standing).2*  In a rigid state, 
jointt mobility is severely compromised and the toes cannot be realigned. In time, flexible 
deformitiess nearly always become fixed.33;84 In diabetic foot practice, claw and hammer 
toess are generally scored in a binary fashion (present or absent), most often based on dorsal 
extensionn seen in the proximal phalanx. However, there are no known thresholds used to 
determinee the presence or absence of deformity, and therefore its diagnosis is strongly 
subjective. . 

Alll  the above-mentioned deformities affect normal gait and have been associated with 
increasedd levels of plantar pressure in the diabetic foot.4^10;44;107 Moreover, hallux valgus, 
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claw/hammerr toe deformity and Charcot deformity have been identified as significant 
predictorss of plantar ulceration showing their importance in diabetic foot disease.22154 

Functionall  anatomy 

Forr this thesis, the metatarsal-phalangeal joints of second and third ray are the primary 
regionss of interest in the foot. Several structures contribute to stability at these joints, 
includingg the intrinsic and extrinsic toe muscles, the plantar aponeurosis (fascia) and the 
jointt capsule consisting of plantar plate and collateral ligaments. Therefore, these muscles 
andd connective tissue structures may also be involved in MTP joint instability leading to 
claw/hammerr toe deformity. What follows is a concise description of the functional 
anatomyy of foot and lower-leg structures that are considered relevant for the topic of this 
thesis.. For a detailed anatomical description the reader is referred to other 
textss '̂̂ fc37;58;74;?5;8^100 

Thee intrinsic and extrinsic muscles controlling the lesser toes (2-4) are the flexor digitorum 
longuss (FDL), flexor digitorum brevis (FDB), extensor digitorum longus (EDL), extensor 
digitorumm brevis (EDB), the plantar and dorsal interossei, and the lumbricals. The FDL 
musclee passes plantar to the MTP joint in a groove created by the joint capsule and inserts 
intoo the distal phalanx. The FDL is a strong flexor of the DIP joint. The FDB inserts into 
thee middle phalanx and flexes the PIP joint. There is no insertion of these muscles on the 
proximall  phalanx, so the flexor influence at the MTP joint is rninimal.33;57 The flexors are 
activee throughout the second half of stance phase in walking to resist extension of the MTP 
jointt and the IP joints, thereby increasing the surface area contacting the ground and the 
rigidityy of the foot.49:64;77;96 The EDL muscle is part of the dorsal extensor expansion50186 

(alsoo called extensor sling33 or hood57) at the MTP joint and inserts into the middle and 
distall  phalanges. It effectively extends the MTP joint and has little extensor power over the 
IPP joints.33;34 EDL pull produces a passive tension in the long and short flexors resulting in 
IPP joint flexion while the EDL extends the MTP joint.57 The EDL is active from just before 
toe-offf  until just after heel strike, in order to lif t the toes to clear the ground during swing 
phase.49:64;77;966 The EDB is a thin muscle that joins the tendons of the EDL distally to form 
thee extensor expansion57'86 and inserts into the middle phalanx. The EDB assists the EDL in 
phalangeall  extension at the IP and MTP joints.S0;57 The EDB is active during the second 
halff  of forefoot contact in walking.106 

Thee deep intrinsic muscles (interossei and lumbricals) and their function have only rarely 
beenn studied. The tendons of the interossei muscles pass plantar to the axis óf the MTP 
joint.. The tendons insert into the plantar ligament and on the base of the proximal 
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phalanx.. Accounts vary as to whether there are connections to the extensor 
expansion.49;50;57;866 The interossei flex the proximal phalanx at the MTP joint15;33;46 and may 
extendd the IP joints. Abduction and adduction of the toes is also controlled by the dorsal 
andd plantar interossei, respectively.93 The lumbricals are unique muscles in that they 
originatee from the tendons of the FDL, The lumbricals pass plantar to the MTP joint and 
curvee sharply dorsally to insert partly in the proximal phalanx and partly in the extensor 
hood.577 On isolation, the lumbricals contribute to MTP joint plantar flexion and IP joint 
extension.""  In the intact foot, they are unable to contribute to the flexor torque at the MTP 
jointt by virtue of their attachment to the FDL; the force applied by the lumbricals would be 
subtractedd from the flexor force. The lumbricals can, however, serve to equilibrate the 
flexorflexor and extensor torques across the MTP and IP joints and contribute to stabilization by 
reducingg the flexor pull at the MTP joint (slackening of the FDL) while simultaneously 
increasingg the extensor torque across the IP joints.57 Dynamically, the deep intrinsic 
muscless of the foot are mid to late stance phase muscles that function as stabilizers of the 
MTPP joints before push-off  S2;15^60

J and help maintain the toes flat on the ground until lift -
offf  has occurred.57163 The actual dynamic function of the interossei and, in particular, the 
lumbricalss are, however, far from clear. 

Thee plantar aponeurosis is considered one óf the most important soft-tissue structures in the 
foott as it supports the longitudinal arch of the foot and contributes to MTP joint 
stability.33:53;85;888 The plantar aponeurosis is a complex connective tissue structure 
consistingg of longitudinally oriented collagen and elastic fibers. It originates from the 
postero-mediall  calcaneal tuberosity. The most prominent and important central component 
off  the aponeurosis divides into five bands at the mid-metatarsal level as it courses distally, 
withh each band dividing into a deep tract inserting into the plantar plate and a superficial 
tractt inserting into the skin.16;99ao° According to the windlass mechanism described by 
Hicks53,, extension of the MTP joint during the propulsive phase of gait causes the plantar 
aponeurosiss to tighten and to draw the calcaneus and the MTH together resulting in a raised 
longitudinall  arch and rearfbot supination, thereby making the foot a stable rigid lever in 
propulsion.. On weight bearing, during standing or foot flat in gait, the arch tends to flatten, 
increasingg tension in the planter aponeurosis. This tension unwinds the windlass causing 
plantarr flexion at the MTP joint. This stabilizing action disappears when the plantar 
aponeurosiss is ruptured. ' * 

Thee joint capsule consisting of the plantar plate and the collateral ligaments is a central 
structuree of the MTP joint with many attachments to other soft-tissue structures.3*58 The 
plantarr plate is a firm but flexible fibro-cartilage structure óf predominantly type 1 collagen 
withh no elastin present^58 Distally, the plate is firmly attached to the proximal phalanx. 
Thee proximal attachments óf the plantar plate are the collateral ligaments and the plantar 
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aponeurosis.. The collateral ligaments are fibrous structures along the medial and lateral 
surfacess of the MTP joint that form the attachment of the plantar plate to the MTHs.37 The 
collaterall  ligaments also insert into the proximal phalanx. The plantar plate functions by 
sustainingg both tensile and compressive loads.37;58 Claw/hammer toe deformity in 
combinationn with substantial plantar pressures during gait may cause stretching or 
attenuationn ana\ eventually, rupture of the plantar piate

33"35;S8:83:87 or the plantar 
aponeurosis.35,8* 87 7 

Thee subcutaneous plantar fat tissue serves as primary source of cushioning in order to 
protectt the skin and more deeply located bony and soft-tissue structures from the forces that 
aree transmitted through the foot during standing and gait.15 The sub-caleaneal fat pad is 
relativelyy thick (2 cm)48, tightly bound with fibroelastie septae arranged in a closed-cell 
configurationn (chambers)1* 56 and thus not very mobile. The fat-pad cushions located under 
thee MTHs are considerably thinner. They are entrapped by vertical fibers that arise from the 
fibrousfibrous flexor sheaths and plantar ligaments and insert in the plantar skin.15 The sub-MTH 
fat-padd cushions are mobile due to their investment in the tendons of the toe flexors and 
theirr attachment to die plantar ligaments which connect with the proximal phalanx.16 

Therefore,, these cushions are pulled distally and around the MTHs in cases of 
claw/hammerr toe deformity.15 

Theoriess of toe deformity and elevated plantar  pressure in the diabetic foot 

Onee of the most commonly referenced theories explaining elevated plantar pressures in 
diabeticc feet is related to claw/hammer toe deformity. Historically, this deformity is 
believedd to be caused by an imbalance between the intrinsic and extrinsic muscles 
controllingg the toes resulting from intrinsic muscle atrophy secondary to motor 
neuropathy.18;28;35;42;52;61;62;70;71;84,89;MM Subsequently, this deformity is suggested to cause 
distall  displacement of the sub-MTH fat pads exposing the MTHs to increased levels of 
plantarr pressure during walking,t5;18;52;61;62;89:94 In the presence of sensory neuropathy, this 
mayy cause plantar ulceration (Figure 1, see Appendix, p. 179). 

Thee problem is thought to lie in the inability of the intrinsic muscles, due to atrophy and 
weakness52;38,, to balance the flexor and extensor pulls of the extrinsic muscles across the 
MTPP and IP joints.2 j :23i46i52;61 ;62;7';è7;94 By virtue of their insertions into the middle and distal 
phalangeall  bones, the flexor muscles have a greater mechanical advantage over the 
extensorss at the IP joints, but minimal flexor force at the MTP joint.53:34;57 The extensors, 
throughh their investment in the extensor hood33;85, have a greater mechanical advantage 
overr the flexors at the MTP joint, but no real extensor power at the IP joints.33;35;57 If the 
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interosseii  and lumbrical muscles are functioning correctly, they can compensate for this by 
flexingflexing at the MTP joint and by simultaneously 'slackening' the flexor pull while 
contributingg to extension across the IP joints. However, with loss of intrinsic muscle 
function,, the long toe flexors (FDL) are opposed only by the decidedly weaker intrinsics 
dorsallyy at the IP joints, whereas the long extensors of the toes (EDL) are unopposed by the 
intrinsicss at the MPT jojnt,21^5;42;02;69;71;84 Over time, this mismatch will result in 
hyperextensionn at the MTP joint and hyperflexion at the IP joints (Figure 1, see Appendix, 
p.. 179). 

Althoughh not reported specifically for the diabetic foot, some authors believe that 
simultaneouss contractures of the extrinsic toe flexor and extensor muscles primarily cause 
thee imbalance in agonist and antagonist muscle action at the MTP and IP joints forcing the 
toess in a clawed/hammered position.33;35:40:84 In any case, as the deformity sets in, the 
interosseii  muscles will subluxate dorsallyS9;69;9B and pass through or even dorsal to the MTP 
jointt axis, loosing their flexion effect, and accentuating the deformity.15;17:46;69;83 The 
lumbricalss do not subluxate dorsally because they are tethered by the deep transverse 
metatarsall  ligament.16 However, MTP joint hyperextension may also render these muscles 
lesss efficient in flexing this joint, aggravating the hyperextension deformity.57169 Because 
thee sub-MTH soft-tissue cushions that help to reduce MTH pressures are invested in the 
flexorflexor tendons and originate from the plantar ligaments that are firmly attached to the 
proximall  phalanges16;15, hyperextension of the MTP joint in claw/hammer toes is believed 
too displace these pads distally, leaving the MTHs 'exposed' to bear increased plantar 
pressuress (Figure 1, see Appendix, p. 179).1S;21;39j42;S2;*2;S9 

Severall  other factors not related to muscle atrophy and imbalance that might cause 
claw/hammerr toe deformity have been reported. Restrictive footwear has been widely 
reportedd to mechanically deform the toes into a clawed or hammered appearance.23;35;40;5*87 

Taylorr et al.97 have shown discontinuity of plantar aponeurosis on MRI indicating rupture 
inn diabetic patients with dorsiflexed toes and have suggested that non-enzymatic 
glyeosylationn of connective tissue may render the plantar aponeurosis less compliant and 
moree prone to rupture. By sequentially sectioning claw and hammer toes in non-diabetic 
cadaverr feet, Myerson and Sheriff  69 showed the release of collateral ligaments at the MTP 
jointt to have the most significant effect on joint mobility and realignment of the toes, 
suggestingg an important role for these structures in toe deformity pathogenesis. 

Objectivee evidence that supports or rejects the muscle balance theory of claw/hammer tóe 
deformityy does not exist. Only recently parts of this theory were studied quantitatively. 
Significantt degrees of intrinsic muscle atrophy have been shown in neuropathic diabetic 
patientss and the degree of atrophy was found to correlate significantly with the severity of 
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neuropathicc impairment. ; A comprehensive analysis of the above-mentioned 
mechanismss is lacking in the scientific literature. The quantitative in-vivo examination of 
intrinsicc and extrinsic muscle status and plantar fat-pad thickness combined with 
assessmentss of plantar aponeurosis and MTP joint capsule and the measurement of barefoot 
plantarr pressures in neuropathic diabetic patients with claw/hammer toe deformity may 
advancee our basic understanding of the pathogenesis of foot deformity and further elucidate 
thee mechanisms that eventually lead to breakdown of the skin. 

Imagingg and plantar  pressure measurement in the diabetic foot 

In-vivoIn-vivo imaging tools have become increasingly used for studying the diabetic foot in the 
lastt two decades. Quantitative assessments of changes in anatomical structure and 
deformityy in the diabetic foot have been reported using ultrasound47;3, radiography3 1;W, 
computedd tomography (CT)67;S0;92, and magnetic resonance imaging (MRI).7;24:25;95 The 
plantarr soft-tissue structures in the heel and forefoot have been studied by several authors 
usingg ultrasound and CT.3;24;23;36;47'67;80 The bony configuration in the foot has been 
examinedd with radiography and CT.29;3I;8° Detailed studies of the muscles in the foot and 
lowerr leg of diabetic patient have been performed using MRI.7;24;25;95 

Duee to its inherent superiority in tissue contrast, MRI is considered the method of choice 
forr evaluating soft-tissue structures in the foot, including fat, muscle and connective tissue. 
Bonee tissue is clearly distinguishable on MRI images so that the configuration of the joints 
inn the foot can be assessed too using this technique. Furthermore, MRI does not invlolve the 
usee of ionizing radiation and has no known harmful effects on the patient under 
examination.. Although MRI is, at present, not cost-effective in the clinical diagnosis of foot 
structuree changes or deformity in patients with diabetes, it can be ideally used for research 
purposess with the goal of establishing associations between structural abnormalities and, in 
combinationn with plantar pressure measurements, for determining the relationships between 
structuree and function in the diabetic foot. 

Alreadyy in the early 1960's, Brand and his colleagues12113 emphasized the role of repetitive 
plantarr pressures in causing foot ulceration. Since these early reports, a number of 
retrospectivee and prospective studies have shown that barefoot plantar pressures measured 
duringg gait are elevated in diabetic patients with neuropathy and that these elevated 
pressuress are a major risk factor for plantar ulceration.ii:19;4S;i03 Variables that are 
commonlyy used in dynamic pressure analysis are the maximum pressure measured by any 
sensorr of the pressure system in contact with the foot (peak pressure) and the integral of the 
peakk pressure over time (pressure-time integral). Normative data on barefoot peak pressure 
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iss not available. In healthy non-diabetic individuals values may range from zero to about 
6000 kPa across all regions in the foot (= mean  2 standard deviations from study by 
Rosenbaum*-),, Average peak pressures reported for diabetic patients using the same 
pressuree measuring device (EMED, Novel, Munchen, Germany) vary from around 450 kPa 
too about 1000 kPa, dependent on the presence of neuropathy, ulceration and foot 
deformity^11,, with patients exceeding the 1275 kPa measuring limit of the platform not 
beingg uncommon. It should be stressed that in this thesis we refer to pressures measured 
perpendicularr to the supporting surface (normal stress); the measurement of shear stress has 
too date not been possible in commercially available systems. 

Althoughh barefoot plantar pressures measured in a laboratory can predict the risk of 
ulcerationn in the diabetic foot, it does not predict the load that the foot is exposed to in 
normall  daily living, which is mostly dependent on activity level and footwear.30 Therefore, 
barefoott plantar pressures cannot predict the occurrence of ulceration. There may be 
patientss with low barefoot pressures that ulcerate because they wear inferior footwear or are 
veryy active, and there may be patients with high barefoot pressures who do not ulcerate 
becausee they are sedentary or wear effective pressure-reducing footwear. Because most 
patientss wear shoes and probably ulcerate while wearing these shoes, the measurement of 
pressuree inside the shoe is an important extension of barefoot pressure measurement, In-
shoee plantar pressures can be used to assess the effect of footwear on reducing pressure at 
high-riskk areas in the foot and therefore refine the process of footwear prescription to 
diabeticc patients with foot problems with the ultimate goal of preventing (recurrence of) 
ulceration. . 

Summary y 

Thee above review of the literature shows that several (so far unproven) hypotheses have 
emergedd in the last four decades trying to explain how claw/hammer toe deformity 
developss and how this deformity affects plantar pressures in diabetic patients with 
peripherall  neuropathy. It is striking to see that many early-developed theories, which have 
beenn based mainly on clinical observation and anecdotal evidence, have been considered by 
manyy authors as accepted mechanisms hi diabetic foot ulcer etiology while quantitative 
experimentall  data that may prove or reject these theories is largely absent. Recently, several 
studiess have emerged in which parts of the above-mentioned mechanisms have been 
examinedd quantitatively, but many unresolved aspects remain. Quantitative techniques such 
ass MRI and plantar pressure measurement are available to objectively detect changes in 
musclee status, soft-tissue integrity and biomechanical function, which could provide insight 
inn the sequence of events that are believed to be important in the genesis of plantar ulcers. 
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Aims s 

Thee general aim of this thesis was to provide insight in the associations between structural 
changess in the foot and their effects on foot function in diabetic patients with peripheral 
neuropathy.. Specific aims were to determine in these patients (1) the association between 
peripherall  neuropathy and intrinsic muscle atrophy, (2) the role of intrinsic and extrinsic 
musclee factors and connective tissue structures in clawing and/or hammering of the toes, 
(3)) the association between changes in foot structure and dynamic plantar pressures, and (4) 
thee effect of custom-made insoles on pressure and load distribution during gait. 

Outlin ee of this thesis 

Inn chapter  2, a study is presented in which the degree of intrinsic muscle atrophy is 
quantifiedd using a special MRI technique in diabetic patients with peripheral neuropathy 
andd compared with matched healthy non-diabetic subjects, mrrinsic muscle atrophy is also 
associatedd with joint configuration in the forefoot in order to define its role in claw/hammer 
toee deformity. 

Whenn using MRI for assessing foot structure it is imperative that reproducible data is 
obtained.. In chapters 4, 5, and 7 MRI is used to assess intrinsic muscle atrophy, plantar fat-
padd thickness, and joint configuration in the diabetic neuropathic foot. The intra-observer 
andd inter-observer reliability of these assessments is described in chapter  3. 

Severall  components are believed to be involved in the pathogenesis of claw/hammer toe 
deformityy in neuropathic diabetic patients. These include intrinsic muscle atrophy leading 
too muscle imbalance, and abnormalities in plantar aponeurosis and MTP joint capsule. In 
chapterr  4 we evaluate these factors using MRI in a group of neuropathic subjects with 
claw/hammerr toe deformity and in a matched group without deformity. 

Thee effect of claw/hammer toe deformity on the plantar fat pads and on dynamic barefoot 
plantarr pressures is described in chapter 5 and chapter 7, respectively. In chapter  5, fat-pad 
thicknesss under the metatarsal heads and the proximal phalanx is measured in a group of 
neuropathicc patients with claw/hammer toe deformity and compared with a matched group 
off  patients with normally aligned toes. The ratio of sub-MTH and sub-phalangeal fat-pad 
thicknesss is introduced as measure to identify fat-pad displacement. 

Barefoott plantar pressures in neuropathic diabetic patients are often collected on multiple 
repeatedd trials of walking across a platform using a 1-step or 2-step gait approach. In 
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chapterr  6 we describe the validity and reproducibility of using a 1-step or 2-step protocol 
inn comparison with a 3-step reference protocol for obtaining barefoot plantar pressure data 
inn the diabetic neuropathic foot. 

Inn the same sample of subjects described in chapter 5, the plantar pressures measured 
duringg barefoot walking are described in chapter  1. Peak pressures measured at the MTHs 
aree related to the degree of toe deformity and plantar fat-pad changes in order to obtain 
quantitativee support for the importance of this deformity as risk factor for plantar ulceration 
inn neuropathic feet. 

Wheree chapters 2 through 7 focus on providing more insight in the factors that may lead to 
elevatedd plantar pressures in the diabetic neuropathic foot, chapter  8 deals with 
interventionss meant for reducing plantar pressures and risk of (recurrent) ulceration. By 
measuringg in-shoe plantar pressures, the mechanical action of custom-made insoles as 
comparedd with simple fiat insoles is evaluated in neuropathic patients with foot deformity. 

Finally,, in chapter  9 a general overview and discussion of the findings in the previous 
chapterss is presented followed by a brief discussion on the clinical implications of these 
findingss and some recommendations for future research. 
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Abstract t 

Thee objectives of this study were to compare intrinsic foot muscle cross-sectional area 
(CSA)) in patients with diabetic polyneuropathy and non-diabetic control subjects and to 
examinee the association between intrinsic muscle CSA and clawing/hammering of the toes 
inn neuropathic feet. 

High-resolutionn T2-weighted fast spin-echo images and parametric T2 multiple spin-echo 
imagess were acquired using magnetic resonance imaging (MRI) of frontal plane sections of 
thee metatarsal region of the foot in a sample of eight individuals with diabetic 
polyneuropathyy and eight age- and gender-matched non-neuropathic non-diabetic controls. 
Thee configuration of joints of the second toe was obtained using a three dimensional 
contactt digitizer. 

Remarkablee atrophy was found in all the intrinsic muscles of the neuropathic subjects when 
comparedd with the non-diabetic controls. Quantitative T2 analysis showed a 73% decrease 
inn muscle tissue CSA distally in the neuropathic subjects. Muscle comprised only 8.3% (SD 
2.9)) of total foot CSA compared with 30.8% (SD 3.9) in the control subjects. No significant 
differencess were found between the groups in the metatarsal-phalangeal and proximal and 
distall  inter-phalangeal joint angles of the second ray. Moreover, clawing/hammering of the 
toess was found in only two of eight neuropathic subjects. 

Althoughh sensory neuropathy is often emphasized in considerations of diabetic foot 
pathology,, our results show that the consequences of motor neuropathy in the feet are 
profoundd in people with diabetes. This has implications for foot function and may play a 
significantt role in postural instability. However, intrinsic muscle atrophy does not 
necessarilyy appear to imply toe deformity. 
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Introductio n n 

Itt is well known that symmetrical distal diabetic polyneuropathy affects all three divisions 
off  the peripheral nervous system (sensory, motor, and autonomic) but in the examination 
andd management of the foot in diabetes, it is generally sensory neuropathy that receives the 
mostt attention. This is understandable because sensory neuropathy is known to be 
permissivee for foot ulceration, which is often a precursor of amputation. However, there are 
indicationss that motor neuropathy can have important consequences in the lower 
extremitiess in the diabetic patient. Strength losses of approximately 16-21% in the plantar 
andd dorsal flexors of the ankle have been reported by Andersen et al.2 In a subsequent study 
usingg magnetic resonance imaging (MRI), Andersen et aL1 found a 32% reduction in the 
volumee of the dorsal and plantar flexors, with more atrophy apparent distally. The strength 
off  the intrinsic muscles of the foot is more difficult to measure and there are no reports in 
thee literature of such measurement in diabetic patients. However, these muscles have been 
studiedd recently using MRI. 

Usingg MRI magnetization transfer contrast sequence, Brash et al.7 have shown qualitative 
changess in soft tissue (muscle and fat) under the first metatarsal head (MTH) in the feet of 
diabeticc patients with neuropathy. The authors also found reductions in muscle 
magnetizationn transfer activity, reflecting atrophy, with increasing severity of sensory 
neuropathy.. Suzuki et al.24, using MR spectroscopy, have reported both biochemical and 
structurall  changes in the plantar foot muscles of diabetic patients with neuropathic ulcers, 
includingg a reduction in high-energy metabolites and an increase in fat content. Because 
significantt relationships between motor nerve conduction velocity and these physiological 
variabless were established, these results suggest atrophy in the intrinsic musculature of the 
foott secondary to motor nerve dysfunction. 

AA number of authors believe that atrophy of the intrinsic muscles of the foot, as a 
consequencee of motor neuropathy, leads to fixed claw and hammer toe deformities which 
aree common in the feet of neuropathic diabetic patients.8;9;J2;14;I6 Since the fat cushions 
underr the MTHs are invested in the flexor tendons and originate from the plantar ligaments 
thatt are firmly attached to the proximal phalanges4^, clawing and hammering of the toes 
tendss to cause this important soft tissue to migrate distalry.4;16 This leads to prominent 
MTHss resulting in elevated plantar pressure during walking.12;14:16 For the past 30 years, 
thiss putative chain of causation has become an accepted theory in the pathogenesis of 
diabeticc foot deformity.12 However, the relationship between intrinsic muscle atrophy and 
toee deformity remains a hypothesis at present, since it has not been studied quantitatively. 
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Thee purpose of the present study was to use MRI to examine intrinsic muscle cross-
sectionall  area (CSA) in the feet of patients with diabetic polyneuropathy and age- and 
gender-matchedd non-diabetic control subjects and to examine the association between 
intrinsicc muscle atrophy and toe deformity in neuropathic feet. 

Methods s 

Subjects Subjects 

Eightt diabetic subjects (6 men, 2 women) with peripheral sensory-motor neuropathy (mean 
agee 51.6 (SD 11.1) years, body mass 87.8 (SD 16.2) kg, height 178 (SD 8.8) cm, and 
diabetess duration 24.1 (SD 9.8) yrs.) and eight healthy age- (  5 years) and gender-matched 
non-diabeticc controls (mean age 53.1 (SD 9.2) years, body mass 84.3 (SD 10.8) kg, height 
1744 (SD 10.0) cm) were recruited for the study. All subjects were ambulatory. Sensory 
neuropathyy was assessed using quantitative testing. Vibration perception threshold at the 
fifthh MTH of bom feet was determined using a Biothesiometer (Bio-Medical Instrument 
Company,, Newbury, OH). The mean vibration perception threshold in the diabetic patients 
wass 40.4 (SD 13.9) Volts, with three subjects having off-scale values of 50.0 Volts. The 
meann vibration perception threshold in the control subjects was 10.8 (SD 5.6) Volts. All 
neuropathiee patients were outside the 95% age-appropriate confidence intervals3 and all 
controll  subjects were well within these normal limits. A full range of Semmes-Weinstein 
monofilamentss was used to test touch-pressure sensation on the plantar and dorsal surface 
off  the foot and at the lateral malleolus in both legs. Loss of protective sensation was 
confirmedd in all neuropathic subjects by the inability to sense the 5.07 (10-grams) 
monofilamentt at, at least, one of the sites tested in the foot. Motor nerve conduction 
velocityy in the peroneal nerve was assessed according to standard methods.17 The mean 
valuess were 28.4 (SD 5.4) and 48.0 (SD 7.7) m/s for neuropathic and control subjects, 
respectivelyy (three neuropathic subjects were unavailable for nerve conduction 
measurements).. Four neuropathic subjects had experienced a prior foot ulcer that was 
healedd at the time of the experiments. 

Subjectss were excluded if they had a history of significant lower-extremity injury, fracture 
(includingg Charcot neuro-arthropathy), surgery, neurological disease (other than 
polyneuropathyy in the diabetic subjects), or active disc disease. Subjects were also excluded 
forr absent dorsal is pedis pulses or ankle-brachial systolic blood pressure index <0.75. 
Significantt hallux abducto valgus, pes planus or pes cavus were also causes for exclusion. 
Otherr exclusions were conditions precluding MRI. Subjects signed an institutional review 
board-approvedd informed consent form before participating in the study. 
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Procedures Procedures 

Thee experimental data were acquired on a MEDSPEC S300 3.0-Tesla research whole body 

imagerr (Bruker Instruments, Inc., Karlsruhe, Germany). Subjects lay supine with their feet 

insertedd into a quadrature birdcage head coil. Both feet were immobilized on a 45-degree 

woodenn ramp using a pneumatic cuff and surgical tape in order to minimize motion 

artifactss during image acquisition. 

Figuree 1. Orientation of the T2-weighted (A) and parametric T2 (B) frontal plane images in the foot. The number of T2-

weightedd slices per subject ranged from 40 to 46. Six slices were collected for parametric T2 imaging. 

TwoTwo different two-dimensional datasets were collected in the frontal plane using spin-echo 
sequencing.. The first dataset consisted of 40-46 slices of T2-weighted fast spin-echo 
imagess with effective echo time (TE) of 66 ms, and repetition time (TR) of 6000 - 9000 ms 
(dependingg on the number of slices). The T2-weighted image set was collected between the 
midtarsall  joint proximally and the distal inter-phalangeal joint of the second toe distally 
(Figuree 1A). The second dataset consisted of 11 multiple spin-echo images with TEs 
rangingg from 12 to 132 ms and TR of 1800 ms, collected from each of six slices from the 
distall  metatarsal region of the foot (Figure IB). For both datasets, slice thickness was 3 
mm,, inter-slice gap was 0.15 mm (to minimize cross-talk between adjacent slices), field of 
vieww was 20 x 20 cm2, and image matrix was 256 x 256 pixels. To improve visualization, 
thee datasets were zero-filled to 512 x 512 pixels before image reconstruction. The 
collectionn of each dataset required approximately 15 minutes. From the six multiple spin-
echoo slices, one anatomically referenced slice passing through the head of the fifth 
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metatarsall  in the left foot was selected for quantitative analysis. The muscles that were 

typicallyy included in this slice are identified in Figure 2. 

Figuree 2. Annotated T2 frontal plane slice passing through the head of the fifth metatarsal from a non-diabetic subject 

inn which the outlines of the intrinsic muscles of the foot are identified. Abd H, abductor hallucis; Add H Obi, adductor 

halluciss oblique head; Add H Trans, adductor hallucis transversal head; Dig Min Complex, digiti minimi complex 

includingg the flexor and opponens digit minimi muscles; EHL, extensor hallucis longus; Ext Dig, extensor digitorum; 

FHBB Lat, flexor hallucis brevis lateral head; FHB Med, flexor hallucis brevis medial head; FHL, flexor hallucis longus; 

MT,, metatarsal. 

Duringg a physical examination of the subjects, points on the dorsum of the left foot and the 

secondd toe [tarsal-metatarsal joint, metatarsal-phalangeal (MTP) joint, proximal inter-

phalangeall  (PIP) and distal inter-phalangeal (DIP) joints, and tip of the toe] were located in 

aa three-dimensional reference frame using a Microscribe contact digitizer (located at 

www.microscribe.com).. The foot was non-weight bearing during this measurement. Joint 

angless were calculated from these data to determine toe joint configuration in the study 

samplee (Figure 3). 

Ourr original intention was to segment the T2-weighted images by digitizing the outlines of 

thee intrinsic muscles in each slice, as shown in Figure 2, and by calculating the volumes of 

individuall  muscles similar to the approach of Fukanaga et al.13 However, as is apparent 

fromfrom Figures 4A and 4B (see Appendix, p. 180), which show the anatomically referenced 

T22 images of a non-diabetic control and neuropathic subject, respectively, muscle 
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segmentationn in the neuropathic subjects proved difficult or impossible because many of 
thee structures were not clearly defined due to marked atrophy of muscle tissue. Therefore, 
thee principal method of analysis used was a compositional analysis of soft tissue in the 
selectedd parametric T2 slice using CCHIPS software." Pixel-by-pixel parametric T2 color 
mapss (Figures 4C and 4D, see Appendix, p. 180), with T2 relaxation times between 0 and 
2555 ms, were generated from the signal intensity levels of the 11 spin-echo images using a 
non-linearr least-squares method, according to: 

Ijj  = I„  exp (-TEj/T2) 

wheree Ij is the pixel intensity in the image obtained, with an echo time TEj, and Io is a 
constant.. A threshold of 30 ms was applied to the T2 map to filter background noise and to 
betterr visualize tissue with T2 <30 ms (tendon and cortical bone). A multi-component 
segmentationn analysis, based on T2, was then used to determine the amount of muscle and 
otherr tissue in the image (Figures 4E and 4F, see Appendix, p. 180). Because skin tissue 
hass approximately the same T2 as muscle tissue, it had to be excluded from the analysis. 
Normalizedd muscle CSA, expressed as a percentage of the total foot CSA in the image, was 
thee dependent variable in this analysis. The resulting images from the segmentation analysis 
weree verified by visual inspection and comparison with the corresponding T2 color map. 
Histogramss showing the number of pixels in the slice as a function of T2 were created from 
thee parametric T2 maps (Figure 5). 

Figuree 3. Toe joint configuration measured on the dorsum and second toe of the left foot while non-weight bearing with 

aa contact digitizer. 
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StatisticalStatistical analysis 

Independentt t-tests, using SPSS statistical software (SPSS, Chicago, IL), assessed 

significancee between the means of the subject groups for each dependent variable in the 

studyy (P < 0.05). Abnormality in muscle CSA and toe configuration values was defined as 

beingg outside the 95% confidence interval of the mean of the non-diabetic subjects (i.e., >2 

SDss from the mean). 
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Figuree 5. Histograms of the number of pixels at each value of T2 derived from the parametric T2 maps for all eight non-

diabeticc control subjects (A) and all eight neuropathic subjects (B). The limits for muscle tissue T2 relaxation times are 

markedd by the vertical lines. Note the absence of the early T2 peak in all neuropathic patients reflecting muscle atrophy 

andd the higher late peak reflecting fatty infiltration. 

Results s 

AA subjective analysis of the T2-weighted and parametric T2 images revealed a striking 

reductionn or, in some cases, an absence of definable muscle cross sections in the majority of 

slicess from the neuropathic subjects as compared with the non-diabetic controls. This can 

bee observed in Figure 6, in which the anatomically referenced T2 slices from matched non-

diabeticc control and neuropathic subjects are shown. The areas where well-defined muscle 

bundless appear in the control subjects are replaced in the neuropathic subjects by somewhat 

disorganizedd tissue, with fatty infiltration, showing markedly increased signal intensity. In 

mostt subjects, the interossei are generally absent, and only remnants of the other major 

intrinsicc muscles such as flexor hallucis brevis and adductor hallucis are visible. 

Thesee subjective observations were confirmed by the quantitative tissue analysis. In the 

histogramss shown in Figure 5, all control subjects have a bimodal distribution with a first 

peakk indicating muscle tissue in the region of T2 relaxation times of 30-70 ms. This peak is 

absentt in all of the neuropathic subjects, whereas the later peak (70-110 ms) representing 

fatt tissue is much higher in this group. The segmentation analysis revealed muscle CSA to 
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bee 8.3% (SD 2.9, range 3.7-11.8) in the neuropathic subjects and 30.8% (SD 3.9, range 

24.4-36.8)) in the non-diabetic controls. This was a highly significant (P < 0.001) 73% 

decreasee in muscle tissue in the neuropathic subjects, who were all well outside the normal 

limitss for muscle CSA. 

Figuree 6. Anatomically referenced single-echo parametric T2 images for 8 pairs of age- and gender-matched non-

diabeticc control and neuropathic subjects. 

Thee mean angle of the MTP joint in the second ray of the left foot was 46 degrees (SD 16, 

rangee 27-70) of extension in the neuropathic subjects and 45 degrees (SD 5, range 37-51) of 

extensionn in the control subjects (Figure 7). Mean flexion at the PIP and DIP joints was 24 

(SDD 8) and 28 (SD 7) degrees, respectively, in the neuropathic subjects and 14 (SD 11) and 

300 (SD 7) degrees in the control subjects. None of the joints showed a significant difference 

betweenn the two groups. Abnormal MTP joint hyperextension angles (>54 degrees) typical 

off  clawing/hammering were present in two of eight neuropathic subjects and in none of the 

controls. . 
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Ass a preliminary confirmation that the changes were not related to diabetes per se, the 

midcalff  section of the lower leg, where the effects of neuropathy are less marked, was 

imagedd in one neuropathic patient and one matched control subject (Figure 8) using the 

samee parametric T2 protocol as described above. Total muscle CSA in the lower leg was 

nott different between these two subjects (50.7 vs. 53.4%). 
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Figuree 7. Configuration of the joints of the second toe during non-weight bearing in control and neuropathic subjects. 

Noo significant differences were found between the groups. 

Discussion n 

Thesee data show that normal intrinsic muscle tissue is largely absent from the forefoot in all 

neuropathicc subjects studied. This atrophy of the intrinsic muscles resulting from diabetic 

neuropathyy is much more marked than had been expected. The present results extend the 

findingss of Brash et al.7 and Suzuki et al.24 Brash et al. reported a significant reduction in 

magnetizationn transfer activity, suggesting atrophy, in muscle adjacent to the first 

metatarsall  in similar subjects. Suzuki et al. found a significant increase in the fat-to-water 

ratioratio and a significant decrease in the phosphocreatine-to-inorganic-phosphate ratio in the 

plantarr muscles of diabetic patients with foot ulceration, indicating loss of muscle tissue 

withh fatty infiltration. Phoenix et al.21 used quantitative MRI analysis techniques similar to 

thosee used in the current study and demonstrated muscle depletion and fat infiltration in the 

lower-legg muscles of subjects with muscular dystrophy. Andersen et al.1 demonstrated a 

distal-to-proximall  gradient of muscle atrophy from cross sections in the proximal lower leg 
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(noo change), mid lower leg (43%), and distal lower leg (65%) in diabetic patients with 
neuropathy,, suggesting that the changes would be even greater in foot muscles. This has 
beenn confirmed by our results showing 73% atrophy in the most distal foot muscles. 

Thee implications of our findings are that muscle strength, and thus motor function in the 
feett of the neuropathic subjects studied, are apparently severely compromised. Although 
manyy of the actions of the intrinsic muscles (such as toe flexion and extension) are 
complementedd by extrinsic muscles, others, such as active ab/adduction of the digits and 
maintenancee of forefoot integrity and stability, result only or largely from intrinsic muscle 
action.18;I9:222 Thus, the mechanical action of these feet during foot-ground interaction must 
bee substantially different from that of non-neuropathic feet. Balance is known to be 
compromisedd in neuropathic patients, and this has been assumed to be primarily due to loss 
off  sensory feedback23; however, altered action of intrinsic muscles may also be a significant 
contributor.. Level walking on even ground may not be affected by such loss of force 
actuators,, but walking on uneven surfaces or turning during walking may have to rely on 
moree proximal muscle groups acting at the ankle rather than at the foot. 

Figuree 8. Mid-calf single-echo parametric T2 scans of a non-diabetic control (A) and an age- and gender-matched 

neuropathicc subject (B). No differences in the quantity of normalized muscle tissue between these two subjects could 

bee found. 

Itt is interesting that others have found toe function to be altered in patients with 

neuropathy6:l0,, and the loss of intrinsic toe flexors and extensors may account for this 

finding.. This effectively transfers more load to the metatarsal heads during walking and 

increasess the risk of plantar ulceration at the MTHs. The status of aponeurosis (fascia) and 

ligamentss in neuropathic feet is not well known, although there are reports of rupture of the 
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plantarr aponeurosis. Reduced or absent muscle force can be expected to increase the load 
onn these passive structures. 

Thee interossei and lumbricals are believed to play a major role in controlling the position of 
thee proximal phalanx in relation to the respective metatarsal.14;15;20 It has been suggested 
thatt in neuropathic patients, these muscles are incapable of compensating for the 
mechanicall  advantage of (contracted) long extensor muscles at the MTP joint and 
(contracted)) long flexor muscles at the inter-phalangeal joints.9'12 This would tend to drive 
thee toes into a clawed or hammered position. Of all intrinsic foot muscles examined, it was 
ourr impression that the interossei showed the largest degree of atrophy in the neuropathic 
subjects.. However, our measurements of toe joint configuration indicate mat the MTP 
jointss of the neuropathic patients were not in more extension man those of the controls. 
Moreover,, only two neuropathic subjects in this study exhibited abnormal MTP joint 
extensionn (>2 SDs from control group mean) characteristic of clawing or hammering. 
Despitee the fact that the state of the extrinsic muscles controlling the position of the toes 
wass not examined, these results appear to cast major doubt on the role of intrinsic muscle 
atrophyy in the hyperextension/subluxation deformity that is commonly seen in diabetic 
patients.. Other intrinsic and extrinsic factors that have been reported to play a role in the 
developmentt of claw or hammer toes in diabetic patients are ill-fittin g shoes9, contractures 
off  the collateral ligaments of the MTP joint20, and rupture of the plantar aponeurosis25 

(whichh may both be caused by non-enzymatic glycosylation). A comprehensive and 
preferablyy prospective analysis of these factors, including examination of the status of the 
extrinsicc toe flexors and extensors, should increase our understanding of the 
pathomechanicss of lesser toe deformity in diabetic patients with neuropathy. 

Theree is no reason to suggest that the subjects in this study represent an unusual subset of 
neuropathicc diabetic individuals. The exclusion criteria used in subject selection and the 
matchingg of subjects on age and gender should have successfully eliminated individuals 
withh muscle atrophy from causes other than distal symmetric polyneuropathy. We did not 
studyy non-neuropathic diabetic subjects; therefore, the influence of diabetes jper ê on signal 
intensityy from intrinsic foot muscles could not be determined. However, the MRI 
examinationn of the midcalf region (where the effects of neuropathy are less marked) of a 
matchedd control and neuropathic subject demonstrated no difference in muscle CSA. 
Moreover,, Andersen et al.' showed no differences in lower-leg muscle volume between 
non-neuropathicc diabetes patients and non-diabetic controls. 

Inn conclusion, this study has shown remarkable atrophy of the intrinsic muscles of the foot 
secondaryy to diabetic neuropathy. Even though sensory neuropathy is often emphasized in 
considerationss of diabetic foot pathology, these results show that the consequences of motor 
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neuropathyy in the feet are profound and are likely to have major consequences for foot 
functionn and mechanics. The lack of toe deformity in the majority of our neuropathic 
subjectss suggests that intrinsic muscle atrophy is not a primary causative factor in toe 
deformityy as had been formerly hypothesized. 
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Abstract t 

Structurall  changes in foot anatomy are an important contributing component of altered 
biomechanicss and development of foot ulcers in diabetic patients with peripheral 
neuropathy.. The aim of this study was to assess the intra- and inter-observer agreement of 
severall  commonly reported foot structure measurements in the diabetic foot using magnetic 
resonancee imaging (MRI). 

Twenty-threee neuropathic diabetic patients and five age-matched healthy controls 
underwentt MRI examination of the foot. From sagittal plane images, joint configuration 
andd plantar fat-pad thickness in the second and third rays of the forefoot were assessed 
twicee by the same observer and once by a different observer. The degree of intrinsic muscle 
atrophyy was scored from coronal plane images on a 5-point scale by two observers 
followingg consensus agreement. 

Intraclasss correlation coefficients between occasions and between observers were larger 
thann 0.94. The mean differences (bias) and the limits of agreement (LoA = mean  2 SDs) 
weree small for metatarsal-phalangeal joint angle, toe angle, and plantar fat-pad thickness 
(biass < 0.8 degrees or 0.2 mm, LoA < 3.8 degrees or Ö.8 mm), but larger for the inter-
phalangeall  joint angles (bias < 3.4 degrees, LoA < 8.8 degrees). The weighted kappa 
betweenn assessments of intrinsic muscle atrophy was 0.94. 

Thee results show that plantar fat-pad thickness, intrinsic muscles atrophy, and joint 
configurationn in the forefoot (with the exception of the inter-phalangeal joints), can be 
assessedd reliably using magnetic resonance imaging. Magnetic resonance imaging is a very 
usefull  technique for obtaining static foot structure data of neuropathic diabetic patients, 
whichh may be used to predict biomechanical outcomes and ulceration. 
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Introductio n n 

Diabeticc foot ulceration is a frequently reported and serious complication in people with 
diabetess and peripheral neuropathy, which precedes the vast majority (85%) of lower-
extremityy amputations.18 Elevated dynamic plantar pressure has been established as a major 
riskrisk factor for plantar ulceration in the diabetic foot with lack of protective sensation.23 

Structurall  changes and deformities of the foot such as claw/hammer toe deformity and 
thinningg of soft tissue or fat pads underneath the metatarsal heads are associated with 
increasedd plantar pressures in diabetic subjects.1*9 (chapter  5) Additionally, intrinsic 
musclee atrophy secondary to peripheral neuropathy may significantly affect foot function 
andd lead to altered gait biomechanics.12 (chapter  2) 

Owingg to its multi-planar imaging capability and inherent superiority in tissue contrast, 
magneticc resonance imaging (MRI) is increasingly used as tool to assess structural 
pathologyy in the foot or lower leg of diabetic patients with peripheral neuropathy.4;7"9;I2:22 

(chapterss 2 and 5) These assessments are considered important for improving our 
understandingg of the relationship between structure and function in the foot and the 
pathogenesiss of foot ulceration. 

However,, little is known about the reproducibility of the MRI assessments for this purpose. 
Therefore,, the objective of this study was to evaluate the intra-observer and inter-observer 
agreementt of (semiquantitative measurements of foot structure in neuropathic diabetic 
patientss performed using MRI. 

Methods s 

Subjects Subjects 

Twenty-eightt subjects participated in this study and underwent MRI foot examination. The 
studyy group consisted of 23 diabetic patients with peripheral sensory neuropathy (15 men, 8 
women,, mean age 56.8 years) and 5 age-matched healthy subjects who were included for 
referencee purposes in the assessment of intrinsic muscle atrophy (3 men, 2 women, mean 
agee 58.0 years). The presence of sensory neuropathy in the patients with diabetes was 
confirmedd by (1) the inability to feel the pressure of a 10-grams Semmes-Weinstein 
monofilamentt on at least one of six plantar foot sites9 (chapter  5) and (2) abnormal 
vibrationn perception thresholds measured at the dorsal hallux using a Biothesiometer (Bio-
Medicall  Instrument Company, Newbury, OH).6 As this research was part of a larger study 
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investigatinginvestigating the structural and functional implications of claw/hammer toe deformity in the 

diabeticc foot, a wide range of joint configurations were present for reproducibility 

assessment.. Subjects with current foot ulceration, edema, or fracture, or with conditions 

precludingg MRI examination were excluded. The medical ethics committee of the 

Academicc Medical Center of the University of Amsterdam approved this study and written 

informedd consent was obtained from each subject. 

Procedures Procedures 

Detailedd descriptions of the MRI procedures and all measurements performed, except for 

metatarsal-phalangeall  and inter-phalangeal joint configuration, are reported elsewhere.9;11 

(chapterss 4 and 5) In summary, Tl -weighed spin-echo sagittal and coronal plane images 

off  the foot were collected non-weight bearing with a Siemens 1.5-Tesla Magnetom imager 

(Siemens,, Erlangen, Germany). Sagittal plane imaging consisted of a series of 19 slices 

acquiredd between the first and fifth MTHs, with field of view of 256x256 mm and 

resolutionn matrix of 512x512 pixels. This resulted in pixel dimensions of 0.5x0.5 mm 

whichh was enhanced threefold for better visualization (i.e., 0.17x0.17 mm) using eFilm 

(Merge-eFilm,, Milwaukee, WI). The coronal plane images were acquired between the 

proximall  phalanx distally and the navicular bone proximally, with field of view 150x150 

mmm and resolution matrix of 256x256 pixels. The following foot structure measurements 

weree performed: 

Figuree 1. Sagittal plane image of the forefoot used for joint configuration assessment. Metatarsal-phalangeal (a), 

proximall inter-phalangeal (P), and distal inter-phalangeal joint angles (q>) were measured from the bisectors of the 

boness located proximal and distal to these joints. Toe angle (8) was measured between a line parallel to the sole of the 

forefoott and the bisector of the proximal phalanx. 
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1.. Joint configuration of the second and/or third ray of the foot using Agfa IMP AX 
WEBB 1000 software (Agfa-Gevaert N.V., Mortsel, Belgium) (Figure 1). The 
metatarsal-phalangeall  (MTP) joint angle was measured between the bisectors (= 
straightt line dividing the bone into two sections with equal areas) of the metatarsal and 
proximall  phalangeal bones. The proximal inter-phalangeal (PIP) joint angle was 
measuredd between the bisectors of the proximal phalanx and the middle phalanx. The 
distall  inter-phalangeal (DIP) joint angle was measured between the bisectors of the 
middlee and distal phalanges. The toe angle was defined as the angle between a line 
parallell  to the sole of the forefoot and the bisector of the proximal phalanx. 

Figuree 2. Sagittal plane image of the forefoot used for plantar fat-pad thickness assessment. Sub-MTH fat-pad 

thicknesss was measured perpendicular to the sole of the forefoot at three standardized locations between the proximal 

andd distal borders of the metatarsal head. Sub-phalangeal fat-pad thickness was measured perpendicular to the 

bisectorr of the proximal phalanx, also at three standardized locations between the proximal border and the center of 

thee proximal phalangeal bone. 

2.. Fat-pad thickness under the metatarsal heads and under the proximal phalangeal bone 
off  the second and/or third ray using Scion Image (National Institutes of Health, 
Bethesda,, MD). Both were measured at three proximal-to-distal locations to obtain a 
representativee estimate of fat-pad thickness in the region (Figure 2). The average of the 
threee measures per site was used for further analysis. 

3.. Intrinsic muscle atrophy in an anatomically referenced coronal plane slice through the 
fifthh MTH was determined from printed images (Figure 3). The degree of atrophy was 
scoredd on a semi-quantitative 5-point scale with 0 representing healthy muscle or no 
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atrophy;; 1, mild atrophy; 2, moderate atrophy; 3, severe atrophy; and 4, almost no or 
noo muscle tissue visible. 

Twoo experienced observers (SB and MM) examined all foot images in a random order. 
Bothh observers independently assessed joint configuration and fat-pad thickness; intrinsic 
musclee atrophy was assessed by both observers together. The intra-observer agreement for 
jointt configuration and fat-pad thickness was determined by comparing repeated 
assessmentss performed four weeks apart by the same observer (SB). The inter-observer 
agreementt was determined by comparing the assessment from the second observer (MM) 
withh the average of repeated assessments of the first observer (SB). Intrinsic muscle 
atrophyy was assessed following consensus agreement for atrophy score between both 
observerss meaning that for this variable only intra-observers agreement could be evaluated. 

(p (p 
KÉÊ&£ KÉÊ&£ -*u&&-*u&&  '*  'f+ 

Scoree 0 Score 1 Score 2 Score 3 Score 4 

Figuree 3. Assessment of degree of intrinsic muscle atrophy in an anatomically referenced cross-sectional image of the 

foott through the fifth MTH using a 5-point atrophy score. Shown are examples representing the 5 categories: score 0, 

healthyy muscle tissue (no atrophy); score 1, mild atrophy; score 2, moderate atrophy; score 3, severe atrophy, and 

scoree 4, almost no muscle or no muscle visible. 

StatisticalStatistical analysis 

Samplee size determination: Five patients would be needed to detect an agreement between 
occasionss or between observers with an anticipated acceptable correlation of 0.90 and a 
one-sidedd confidence interval of 0.05. We included more than five patients in this study to 
furtherr increase the precision of the reproducibility estimates. 

Reproducibilityy of the measurements between and within observers for joint configuration 
andd fat-pad thickness was evaluated using intraclass correlation coefficients.3 The weighted 
kappaa coefficient3 was used to evaluate the agreement between the ordinal scores used for 
intrinsicc muscle atrophy. The absolute magnitude of the differences between or within 
observerss was evaluated using the graphical method of Bland and Altman.5 With this 
method,, the differences between two measurements are plotted against their average. The 
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meann difference represents the amount of bias or systematic error between two 
measurements.. The limits of agreement (= mean difference  2 SDs) indicate how far apart 
bothh measurements are for most subjects in the sample.3 Five percent of the differences are 
expectedd to fall outside these limits. A zero mean difference does not mean the absence of 
biass over the total measurement range. The Bland and Altman scatter plots' regression lines 
weree therefore tested for a zero slope using linear regression analysis. A zero slope 
indicatess no systematic differences between observers or between occasions over the total 
rangee of measurement, meaning that the two assessments can be used interchangeably. 

AHH analyses were carried out with SPSS (SPSS, Chicago, IL). The weighted kappa 
coefficientt was calculated using StatXact 3.0. 

Tablee 1, Intraclass correlation coefficierrts (ICC) for repeated assessments by the same observer (infra-observer 

agreement)) arnt for assessments between observers {inter-observer agreement). 

Variablee intra-óbserver agreement Inter-observer agreement 

ICCC ICC 

Jointt configuration 

MTPP joint angle 0.997 0.398 

PIPP joint angle 0.987 0.966 

D)PP joint angle 0.958 0.943 

Toee angle 0.997 0.990 

Fat-padd thickness 

Sub-MTHH 0.991 0.979 

Sub-phalangeall 0.978 0.976 

Intrinsicc musclee atrophy" 0.94 - ^ 

bb Weighted kappa 

Results s 

Thee reproducibility coefficients summarizing the intra- and inter-observer agreement are 
shownn in Table 1. For the quantitative measurements, the lowest agreement was for DIP 
jointt angle where the mtraclass correlation coefficients indicating intra- and inter-observer 
agreementt were 0.958 and 0.943, respectively. Scores for intrinsic muscle atrophy (assessed 
byy the two observers together) between occasions agreed in 74% of cases. In 6 of 23 feet, 
intrinsicc muscle atrophy was scored one category different at the second when compared to 
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thee first assessment. Differences of more than one category between occasions were not 
present.. The weighted kappa was 0.94. 

Jointt configuration and fat-pad thickness data are shown in Table 2 for repeated 
assessmentss by the same observer and in Table 3 for assessments between observers. The 
meann differences between occasions for joint configuration ranged from -0.9 to -0.2 
degreess (Table 2). The limits of agreement were between -5,3 degrees and +5,0 degrees. 
Meann fat-pad thickness measurement error did not exceed +0.1 mm, with limits of 
agreementt ranging between -0,5 mm and +0.6 mm. The mean differences between 
observerss for joint configuration ranged between -1.6 and +3.4 degrees (Table 3). The 
limitss of agreement were between -8.8 degrees and +8.7 degrees. Mean fat-pad thickness 
differencess did not exceed +0.2 mm. Limits of agreement ranged between -0.7 and +0.8 
mm. . 

Tablee 2. Data for joint configuration and fat-pad thickness from repeated assessments by the same observer {intra-

observerr agreement). 

Variable e 

Jointt configuration ) 

MTPP Joint angle 

PIPP joint angle 

DIPP joint angle 

Toee angle 

Fat-padd thickness (mm) 

Sub-MTH H 

Sub-phalangeai i 

n* * 

21 1 

22 2 

20 0 

24 4 

20 0 

20 0 

Assessmentt 1 

Mean n 

-40.1 1 

26.0 0 

16.9 9 

-8.8 8 

5.4 4 

7.5 5 

SD D 

14.0 0 

13.8 8 

9.2 2 

11.7 7 

1.7 7 

1.2 2 

Assessmentt 2 

Mean n 

-40,6 6 

25.2 2 

16.8 8 

-9.2 2 

5.4 4 

7.6 6 

SD D 

13.8 8 

13.4 4 

8.3 3 

11.5 5 

1.8 8 

1.2 2 

Mean n 

difference e 

-0.5 5 

-0.9 9 

-0,2 2 

-0.4 4 

0.0 0 

0.1 1 

SD D 

0.9 9 

2.1 1 

2.6 6 

0.8 8 

0.2 2 

0.2 2 

99%% CI of mean 

difference e 

lower r 

-1.1 1 

-2.1 1 

-1.8 8 

-0.8 8 

-0.1 1 

0.0 0 

upper r 

0,1 1 

0.4 4 

1.5 5 

0,0 0 

0*2 2 

0.3 3 

Limitss óf 

agreement t 

lower r 

-2.3 3 

-5.1 1 

-5.3 3 

-1.9 9 

-0.5 5 

-0,3 3 

upper r 

1.4 4 

3-3 3 

5.0 0 

1.1 1 

0.5 5 

0.6 6 

n.. number of caws for comparison; CI, confidence interval 

** Because of anatomical misalignment of the joints in the sampling plane in several subjects, not ail foot images could 

bee examined for joint configuration and fat-pad thickness. In some subjects, both the second and third ray was 

assessed. . 

Blandd and Altman plots5 are shown in Figure 4 for repeated assessments and in Figure 5 for 
assessmentss between observers. The mean differences between occasions and between 
observerss were normally distributed (P > 0.05, Shapiro-Wilk's test of normality). All but 
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onee of the slopes of the scatter plots' regression lines varied between 0.01 and 0.34; the 
slopee for sub-MTH fat pad measurement was relatively high (0.53). None of the slopes was 
significantlyy different from zero, indicating no systematic differences in scores over the 
totall  range of the measurements. 

TaWee 3. Data for joint configuration and fat-pad thickness from assessments between observers (inter-observer 

agreement). . 

Variabl e e 

Join tt  configuratio n (*) 

MTPP join t angle 

PIPP Join t angl e 

DIPP join t angl e 

Toee angl e 

Fat-padd thicknes s (mm) 

Sub-MTH H 

Sub-phaiangea l l 

n* * 

12 2 

12 2 

12 2 

12 2 

12 2 

12 2 

Observe rr  1 

Mean n 

-36.8 8 

23.7 7 

17.2 2 

-6.9 9 

5.6 6 

7.8 8 

SD D 

11.1 1 

12.9 9 

8.2 2 

8.4 4 

1.1 1 

1.2 2 

Observe rr  2 

Mean n 

-37.1 1 

27.2 2 

15.5 5 

-6.1 1 

5.7 7 

7.9 9 

SD D 

10.8 8 

12.7 7 

8.2 2 

8.4 4 

1.1 1 

1.0 0 

Mean n 

differenc e e 

-0.3 3 

3.4" " 

-1.6 6 

0.8 8 

0.1 1 

0.2 2 

SD D 

1.3 3 

2.6 6 

3.6 6 

1.5 5 

0.4 4 

0.3 3 

99%% CI of mean 

differenc e e 

tower r 

-1.4 4 

1.0 0 

^ . 9 9 

-0.5 5 

-0.3 3 

-0.1 1 

upper r 

0.9 9 

5.7 7 

1.6 6 

2.2 2 

0.4 4 

0.4 4 

Limit ss  of 

agreemen t t 

lower r 

-2.9 9 

-1.9 9 

-8.8 8 

-2.2 2 

-0.7 7 

-0.5 5 

upper r 

2.3 3 

8.7 7 

5.5 5 

3.8 8 

0.8 8 

0.8 8 

n,, number of cases for comparison; CI, confidence interval. *  P < 0.01, significantly different from zero 

**  A random sample of 12 cases was selected from the total pool of cases for assessment of between observer 

agreement t 

Discussion n 

Thee results showed small mean differences with narrow confidence intervals between 
occasionss and between observers for MTP joint and toe angle and for fat-pad thickness with 
noo significant differences from zero present. These results imply a high degree of 
reproducibilityy for average results obtained in these assessments of forefoot anatomical 
structure.. This meanss that the same observer on a different occasion or a different observer 
wouldd obtain the same average results when assessing a group of toes for joint 
configurationn or fat-pad thickness. This is an important finding for group comparative 
studiess on forefoot structure in neuropathic diabetic subjects5110 (chapters 5 and 7) because 
reproduciblee average estimates imply that conclusions drawn from differences found 
betweenn groups are methodologically robust. 
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Thee limits of agreement give an indication of the expected variation due to measurement 
errorr and define how well different assessments are likely to agree for an individual patient, 
givenn that 95% of the observed individual differences are expected to be between the limits 
off  agreement.315 For example, the results show that when measuring sub-MTH fat-pad 
thickness,, one observer should be within 0.8 mm of the thickness measured by another 
observerr in 95% of the cases. The limits of agreement calculated for MTP joint and toe 
anglee and for both sub-MTH and sub-phalangeal fat-pad thickness were relatively small 
andd we did not consider them clinically relevant. The intraclass correlation coefficients for 
thesee variables were high (>0.98), which demonstrates that these variables can be assessed 
inn a reproducible way. Small limits of agreement are important for regression analyses or 
correlationn coefficients computed between variables of foot structure*19 (chapter  5) or 
betweenn foot structure and functionl;10;16 (chapter  7) because the outcomes from these 
analysess are determined by the scatter of individual cases. 

Thee mean differences and the confidence intervals of the mean differences for DIP and PIP 
jointt angles were relatively large, with a significant 3.4 degree mean difference from zero 
betweenn observers for PIP joint angle. The limits of agreement for these parameters were 
relativelyy large up to about 5 degrees between occasions and about 9 degrees between 
observers.. Despite high intraclass correlation coefficients (>0.94), measurement of inter-
phalangeall  joint angles may thus be 9 degrees different from one observer to the other. This 
mayy be unacceptable for research purposes. Whether this difference is clinically relevant 
requiress further investigation as toe deformity is not normally classified using angular 
measurements,, and, as a result, thresholds of inter-phalangeal joint angles that may predict 
furtherr pathology are not known. The higher limits of agreement compared with the 
assessmentt of MTP joint and toe angles is presumably explained by the difficulty in 
accuratelyy drawing bisectors in relatively small bones such as the middle and distal 
phalanges,, which also seem to be more variable in shape across subjects than the metatarsal 
orr proximal phalangeal bones. Additionally, drawing a tangent along the flat sole of a 
forefoott (because of minimal weight bearing) was experienced to be easier than drawing a 
bisectorr of a bone, which may explain the smaller variability for toe angle than for inter-
phalangeall  joint angle measurement. A larger acquisition matrix (larger man 512x512 
pixels)) and/or a smaller field of view used in MRI will improve visibility of the small bones 
andd likely improve reliability in inter-phalangeal joint angle assessment. The data on the 
twoo most distal joints of the toes also demonstrates the usefulness of Bland and Altman 
plotss in addition to intraclass correlation coefficients because they show the absolute 
measurementt error between occasions or observers. 
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Figuree 4. Bland-Altman plots of repeated assessments by the same observer for joint configuration and fat-pad 

thickness.. In these plots, the differences between repeated assessments (assessment 2 - assessment 1) is shown 

againstt the average of repeated assessments for (A) MTP joint angle, (B) toe angle, (C) PIP joint angle, (D) DIP joint 

angle,, (E) Sub-MTH fat-pad thickness, and (F) sub-phalangeal fat-pad thickness. The Beta coefficients of the scatter 

plots'' regression lines are also shown. 

Intrinsicc muscle atrophy scored by two observers was similar on different occasions. Only 

sixx of 23 feet were scored different during the second assessment, with only one category 

differencee for these six cases. The weighted kappa was 0.94 showing very good intra-

observerr agreement.3 Remarkable degrees of intrinsic muscle atrophy have been shown in 

patientss with long-standing diabetes and peripheral neuropathy, and has been suggested to 

playy a significant role in altered gait biomechanics.8'12;22 (chapter  2) In these reported 

studies,, intrinsic muscle atrophy was assessed quantitatively using special MRI imaging 
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sequences.. However, these techniques are complex, require special hardware and software, 

andd are time-consuming; an easier, more directly interpretable method of visual inspection 

fromfrom standard imaging sequences is required. In this study we show that a semi-quantitative 

5-pointt scoring system (Figure 3 may be used as guidance) can be a good alternative for 

assessingg intrinsic muscle atrophy in the neuropathic diabetic foot. 
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Figuree 5. Bland-Altman plots of assessments between observers for joint configuration and fat-pad thickness. In these 

plots,, the differences between assessments from two observers (observer 2 - observer 1) is shown against the 

averagee of assessments by these observers for (A) MTP joint angle, (B) toe angle, (C) PIP joint angle, (D) DIP joint 

angle,, (E) Sub-MTH fat-pad thickness, and (F) sub-phalangeal fat-pad thickness. The Beta coefficients of the scatter 

plots'' regression lines are also shown. 
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Measuress of structural changes and deformity in the diabetic foot have been reported using 
differentt in-vivo imaging techniques, such as ultrasoundI;15, radiography13, and computed 
tomographyy ^cT).l6'll 'ti9'21 Saltzmann et al.20 determined the inter-observer variability of 
radiographicc foot measurements in non-diabetic subjects and found a 95% limit for MTP 
jointt angle of 6 degrees, which was higher than the limit in the present study (<3.0 
degrees).. Using CT, Commean et al.14 assessed the intra-observer reliability of foot 
structuree measurements in the diabetic patient, including MTP joint angle and plantar soft-
tissuetissue thickness. Although the bias for these parameters agreed well with our data (close to 
zero),, the standard deviations (1 SD) of the mean differences (approximately 2 degrees and 
11 mm) were higher man in our study reflecting more variability and thus lower agreement. 
Thee smaller variability found in the present study may be related to the type of imaging 
modalityy used. MRI has superior soft-tissue contrast over other imaging techniques» 
includingg radiography and CT. These properties improve the visibility of tissue boundaries 
andd as a result may improve reproducibility of foot structure measurements. 

Inn conclusion, anatomical foot structure related to joint configuration, fat-pad thickness and 
intrinsicc muscle atrophy can be assessed in a reproducible manner using MRI. This shows 
thatt MRI is a useful method for obtaining structural data of the feet in diabetic patients with 
peripherall  neuropathy, which could be used for establishing relationships between 
structurall  and functional parameters that have been shown or are suggested to be involved 
inn the development of ulceration. 
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Abstract t 

Clawing/hammeringg of the toes in the diabetic neuropathic foot is believed by many authors 
too be caused by an imbalance between the intrinsic and extrinsic toe muscles resulting from 
atrophyy of the deep intrinsic muscles (i.e., interossei and lumbricals). Rupture or 
degenerationn of the plantar aponeurosis and metatarsal-phalangeal joint capsule has also 
beenn suggested to play a role. The objective was to examine intrinsic and extrinsic toe 
musclee status and connective tissue structure in neuropathic patients with toe deformity and 
neuropathicc controls without deformity using magnetic resonance imaging (MRI). 

Coronall  and sagittal plane images of the foot and transverse plane images of the lower leg 
weree acquired using Tl-weighted spin-echo MRI in nine neuropathic diabetic patients with 
claw/hammerr tóe deformity (experimental group) and nine matched neuropathic diabetic 
patientss without deformity (control group). Atrophy of the intrinsic and extrinsic muscles 
andd derived measures of muscle imbalance were assessed using a semi-quantitative 5-point 
atrophyy scale. The lower-leg images were assessed for extrinsic muscle fibrosis. The 
plantarr aponeurosis and joint capsule were also assessed from the foot images. 

Meann (SD) intrinsic muscle atrophy score was 3.0 (1.1) for the experimental group and 2.6 
(1.2)) for the control group (not significantly different, P = 0.2), and was not associated with 
deformity.. Average atrophy scores for the extensor and flexor digjtorum longus muscles 
weree low and, together with the muscle imbalance ratios, not significantly different 
betweenn groups. Fibrosis was absent in both extrinsic muscles. Plantar aponeurosis rupture 
wass not diagnosed in any of the 18 feet. Joint capsule abnormalities were found in 4 
experimentall  patients and in 2 controls (not significantly different). 

Intrinsicc and extrinsic muscle atrophy and muscle imbalance do not seem to distinguish 
neuropathicc patients with toe deformity from matched patients without deformity. This 
suggestss that the intrinsic and extrinsic muscles of the toes are not (exclusively) responsible 
forr clawing/hammering of the toes. Abnormalities in planter aponeurosis or joint capsule do 
nott seem to have discriminative power either. These results challenge the present theories 
off  claw/hammer toe deformity pathogenesis in the diabetic neuropathic foot, and 
provisionallyy suggest an idiopathic nature. An alternative hypothesis is presented in this 
study. . 
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Introductio n n 

Clawingg or hammering of the toes is a common foot deformity in the population of patients 
withh diabetes mellitus, with reported prevalence values of 32% and 46%.15;24 There are 
severall  theories that may explain why claw/hammer toe deformity develops. Ill-fittin g 
footwear,, in particular cramped toe boxes in high-heeled shoes, is a commonly reported 
externall  cause,10 Sequential sectioning of soft-tissue components at the metatarsal-
phalangeall  (MTP) joint in feet with clawing or hammering of the toes demonstrated that the 
releasee of the collateral ligaments resulted in the largest improvement towards a normally 
alignedd toe21, suggesting that pathology of these connective tissue structures may be 
responsiblee for toe deformity. More recently, Taylor et al.26 found rupture of the plantar 
aponeurosiss (fascia) in diabetic subjects with hyperextended toes, and suggested that non-
enzymaticc glycosylation of the aponeurosis may render this structure less functional and 
capablee of causing toe deformity. 

However,, the most commonly reported cause of toe deformity in diabetic patients is 
intrinsicc muscle atrophy secondary to motor neuropathy leading to an imbalance between 
intrinsicc and extrinsic muscles across the MTP and inter-phalangeal (IP) joints.3112;14 The 
longg extrinsic flexors have a greater mechanical advantage over the extensors at the IP 
jointss and the extensors have a greater mechanical advantage over the flexors at the MTP 
joint.105'66 If the intrinsic muscles (i.e., the lumbricals and interossei) function correctly, they 
compensatee for this by flexing the MTP joint while extending the IP joints. But when the 
intrinsicc muscles are atrophic and overpowered by the extrinsic muscles, mis stabilizing 
actionn is lost, resulting over time in clawing or hammering of the toes. Within this context, 
fibroticfibrotic contractures of the extrinsic muscles overpowering the intrinsic muscles may play a 
role,, although this mechanism has been described in non-diabetic feet only.ll;23 Despite 
numerouss anecdotal reports and observational studies, experimental data to support this 
mechanicall  theory ofelaw/hammer toe pathogenesis does not exist. Recently, we found that 
intrinsicc muscle atrophy does not necessarily imply claw/hammer toe deformity in the 
diabeticc neuropathic foot*  (chapter  2) These findings do not, however, exclude the 
possibilityy that intrinsic muscle atrophy and abnormal extrinsic muscle status are 
permissivee factors for the development of toe deformity. 

AA better understanding of the pathogenesis of claw/hammer toe deformity may be possible 
iff  the internal anatomical structures responsible for digital stabilization are examined within 
thee same patient. These are the extrinsic and intrinsic muscles, the plantar aponeurosis, and 
thee MTP joint capsule consisting of plantar plate and collateral ligaments. Magnetic 
resonancee imaging (MRI) has evolved as the method of choice with which pathology in 
thesee soft-tissue structures in the foot and lower leg can be studied i'«-vivo.1:6;28;29;31;33 
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(chapterr  2) Therefore, the purpose of this study was to use MRI to examine these 
structuress in a group of neuropathic diabetic patients with claw/hammer toe deformity and a 
matchedd group of neuropathic patients with normally aligned toes. Based on the above-
mentionedd prevailing theory of claw/hammer toe deformity pathogenesis, we hypothesized 
thatt there would be consistently larger degrees of intrinsic muscle atrophy and muscle 
imbalancee in patients with toe deformity when compared with patients without deformity. 

Methods s 

Subjects Subjects 

Ninee diabetic patients (5 men, 4 women) with distal symmetric polyneuropathy and 
claw/hammerr toe deformity in, at least, the second or third digit of the foot (experimental 
group)) and nine age- and gender-matched neuropathic diabetic patients with normally 
alignedd toes (control group) participated. The presence of toe deformity was initially 
assessedd clinically for recruitment purposes but eventually based on MRI analysis as 
describedd below. Five age-matched healthy subjects (3 men, 2 women) with normally 
alignedd toes were included for reference purposes. One lower extremity per subject was 
studiedd to limit data collection time. This was the extremity with the deformed foot if the 
contralaterall  foot was not deformed or was randomly assigned, if not excluded by the 
criteriaa mentioned below. Distal symmetric polyneuropathy was assessed clinically and 
confirmedd present in all patients by (1) abnormal vibration perception thresholds measured 
att the dorsal surface of the hallux in both feet using a Biothesiometer (abnormality 
accordingg to 95% age-adjusted confidence intervals, e.g. >30 Volts for 55-year-old 
person)2,, and (2) the inability to sense the pressure of a 10-grams (5.07) Semmes-Weinstein 
monofilamentt at, at least, one of eight sites tested (6 plantar foot regions, dorsum Of the foot 
andd medial malleolus). Patient characteristics are summarized in Table 1, 

Inn order to exclude congenital or external causes of toe deformity, the patients*  shoes were 
examinedd and patients in the experimental group were asked about the onset of their 
deformityy and the fitting of their shoes in the past. Patients were excluded if their shoes 
weree found to be too small in size for their feet, if they reported to have worn ill-fittin g 
shoess in the past or if deformity was présent before the onset of diabetes. For the same 
reason,, patients with neuromuscular diseases or neurological problems Other than diabetic 
polyneuropathyy were excluded.*11;18 Other exclusions were 1) age <40 or >65 years, 2) 
peripherall  vascular disease* as determined by absent pedal pulses with an ankle-brachial 
indexx <0.75 or toe pressure <50 mmHg, 2) current ulceration, prior ulceration at the 
metatarsall  heads, prior surgery or fracture in the lower extremity studied, 4) rheumatoid 
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arthritis,, lower-extremity amputation or Charcot neuro-osteoarthroparhy, and 6) conditions 
precludingg MRI assessment. None of the five healthy non-diabetic subjects had any known 
(historyy of) foot pathology. 

Tablee 1. Baseline patient characteristics 

Variabl e e 

Agee (years ) 

Heigh tt  (m) 

Weigh tt  (kg) 

Bodyy mass index (kg/m 2) 

Diabetess type (1/2) 

Diabetess duratio n (years ) 

HbA,a%) ) 

Neuropath yy duratio n (years) * 

Vibratio nn perceptio n threshol d (Volts ) 

Toee angle (degrees ) 

Archh angle (degrees ) 

Archh index (%) 

Experimenta ll  grou p (n = 9) 

58.0(7.3) ) 

1.75(0.08) ) 

85.11 (13.8) 

27.66 (3.2) 

5/4 4 

34.11 (12.6) 

7.6(1.0) ) 

12.11 (5.5) 

35.6(12.2) ) 

.20.33 (5.5) 

32.7(7.4) ) 

9.44 (7.3) 

Contro ll  grou p (n = 9) 

57.99 (6.0) 

1.73(0.05) ) 

81.3(10.8) ) 

27.22 (4.0) 

7/2 2 

30.33 (15.2) 

7.9(1.1) ) 

12.22 (8.9) 

36.33 (9.9) 

-2.5(7.1)" " 

28.5(7.7) ) 

15.3(10.8) ) 

Dataa are means (SD) or numbers (n). *As derived from medical records or, when absent, estimated by the patient 

basedd on the first appearance of neuropathic symptoms. 

** Significantly different from expertmentaJ group (P < 0.001) 

Alll  patients in the experimental group, except for one, had flexible toe deformity as 
opposedd to rigid deformity since we believed that its pathogenesis could be best studied at 
ann early stage of deformity where cause-and-effect issues may be less of a problem. In a 
rigidrigid state, structural changes found in muscle and connective tissue may equally be a result 
off  the deformity (due to disuse or overstretching) as it may be a cause. 

Procedures Procedures 

AA Siemens 1.5-Tesla Magnetom 63SP/4000 imager (Siemens, Erlangen, Germany) was 
usedd to acquire Tl-weighted spin-echo series of the foot and lower leg. The subject lay 
supinee with the foot or leg inserted into a circular polarized head coil.20 In a comfortable 
positionn at approximately 30 degrees plantar flexion, the foot was immobilized using 
paddingg material without affecting the natural configuration of the toes, the foot was 
imagedd in a sagittal and coronal (axial) plane view, the lower leg in a transverse (axial) 
planee view. Two separate datasets, a distal and proximal, were acquired for the lower leg 
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duee to the limited field of view (FOV) of the coil used. For all images collected, repetition 

timee (TR) was 577 msec, echo time (TE) 17 msec, and slice thickness 3 mm. The sagittal 

planee dataset of the foot was oriented parallel to the second metatarsal bone and consisted 

off  19 slices acquired between the first metatarsal head medially and the fifth metatarsal 

headd laterally with FOV 256x256 mm, in plane resolution 512x512 pixels, and inter-slice 

gapp 0.9 mm (Figure 1A). The coronal plane dataset of the foot was oriented perpendicular 

too the sagittal plane images and consisted of 20 slices collected between the proximal 

phalangess distally and the cuneiform bones proximally with FOV 150x 150 mm, resolution 

256x2566 pixels, and 0.9 mm inter-slice gap (Figure IB). The lower-leg datasets were 

orientedd perpendicular to the long axis of the tibial bone in a coronal and sagittal view and 

consistedd each of 20 slices with FOV 200x200 mm, resolution 256x256 pixels, and inter-

slicee gap 5 mm (Figures 1C and ID). The distal lower-leg dataset included the ankle joint, 

andd the proximal dataset the knee joint. Total acquisition time was 45 minutes per subject. 

Figuree 1. Scout views with slice orientation for the acquired sagittal plane foot images (A), coronal plane foot images 

(B),, transverse plane images of the distal lower leg (C), and transverse plane images of the proximal lower leg (D). 

Toee deformity was assessed non-weight bearing from the sagittal plane images using Agfa 

IMPP AX WEB 1000 software (Agfa-Gevaert N.V., Mortsel, Belgium) by measuring the 

anglee between a line parallel to the sole of the forefoot and the bisector of the proximal 

phalanxx (named 'toe angle', negative values denoting extension); toe angles >13 degrees of 

extensionn indicated deformity based on 95% normal limits from the neuropathic control 

groupp presented in chapter  5.5 Claw/hammer toe deformity has been associated with the 

presencee of cavus foot type.IO;27;3° Therefore, we measured the arch angle in the first ray, 

definedd as the angle between the sole of the foot and the bisector of the metatarsal bone, 

andd used this angle as indicator for arch height. Additionally, we calculated the arch index 

fromm pressure plots obtained from 10 seconds of quiet standing on an EMED pressure 

platformm (Novel, Munich, Germany).7 The arch index is defined as the ratio of the contact 
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areaa of the middle third of the footprint to the entire footprint contact area (excluding the 
toes).. The closer to zero this ratio is, the higher the arch is. 

Intrinsicc muscle atrophy in the forefoot (i.e., the interossei and lumbrical muscles) was 
assessedd from the coronal plane foot images. On these images, muscle is represented by a 
low-intensityy (dark gray) signal whereas fatty infiltration (atrophy) of the muscle shows as 
high-intensityy (light gray) signal. Because atrophy is diffusely distributed throughout the 
muscle,, one representative anatomically referenced image cutting through the fifth 
metatarsall  head was selected to score degree of intrinsic muscle atrophy. For this purpose, 
wee used a five-point atrophy scale, with zero representing healthy muscle tissue (no 
atrophy);; one, mild atrophy; two, moderate atrophy; three, severe atrophy; and four, almost 
completee or complete loss of muscle tissue (Figure 2). Intra-observer agreement in 
assessingg atrophy using this five-point scale was high, with weighted kappa of 0.94 
(chapterr  3). 

WtemX*"" WtemX*"" 

%<ft t 
* * 

Scoree 0 Score 1 Score 2 Score 3 Score 4 

Figuree 2. Five-point intrinsic muscle atrophy score for interossei and lumbricals muscles shown for a representative 

cross-sectionall image through the fifth metatarsal head from 5 different subjects, with zero score representing healthy 

musclee tissue from a healthy subject; score one, mild atrophy; score two, moderate atrophy; score three, severe 

atrophy;; and score four, almost complete or complete loss of muscle tissue. 

Extrinsicc muscle status was assessed using both sets of lower-leg images. The extensor 

digitorumm longus (EDL) and flexor digitorum longus (FDL) muscles were evaluated on all 

proximall  to distal images from the knee to the ankle on which these muscles could be 

identifiedd (Figure 3A,B). Atrophy was scored using a similar five-point atrophy scale as 

usedused for the intrinsic muscles. Proximal and distal portions of the muscle were scored 

separatelyy (division at mid-tibia). An imbalance between the extrinsic muscles was 

calculatedd by dividing the amount of muscle tissue (= score 4 minus atrophy score) in the 

FDLL by the amount in the EDL; values >1 indicate FDL dominance, values <1 indicate 

EDLL dominance. An imbalance between the intrinsic and extrinsic muscles was defined by 

dividingg the amount of muscle tissue of the intrinsic muscles by the amount in the EDL and 

FDLL combined; the closer the value to zero the larger the extrinsic muscle dominance. The 
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presencee of intramuscular fibrosis indicating pathologic muscle contracture, showing as 

hypo-intensee (black) signal on Tl-weighted spin-echo images22;8;l9 was also scored. 

Thee plantar aponeurosis was assessed from its origin at the calcaneus to its insertion in the 

MTPP joint capsule using the sagittal and coronal plane foot images (Figure 4A). All 

consecutivee MRI slices showing plantar aponeurosis were examined for discontinuities 

representingg rupture and for signal intensity change and substantial thickening compatible 

withh plantar fasciitis.28;29 The coronal plane foot images and the sagittal plane images 

cuttingg through the second or third digit were used to examine the MTP joint capsule for 

signall  intensity increases representing degenerative changes or presence of rupture in the 

plantarr plate or collateral ligaments (Figure 4B).31:33 

Figuree 3. Cross-sectional images of the distal lower leg in a healthy non-diabetic subject (A) and a neuropathic patient 

withh severe atrophy of the extensor digitorum longus muscle (EDL) and mild atrophy of the flexor digitorum longus 

musclee (FDL) (B). The EDL and FDL muscles were scored proximally and distally by sequentially examining all cross-

sectionall images that included these extrinsic foot muscles. 

TwoTwo investigators (SB, MM) performed all MRI assessments and reached consensus 

regardingg outcome. All MR images were blinded for patient identity and characteristics. 

Differencess between groups for all dependent variables were tested statistically using SPSS 

(SPSS,, Chicago, IL). Independent t-tests and Mann-Whitney non-parametric tests were 

usedused for normally distributed and skewed data, respectively. Spearman rank correlation 

coefficientss were computed between selected variables of interest in both patient groups 

andd in the pooled group of patients (n = 18). For all analyses, significance levels of P < 

0.055 were used. 
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Results s 

Noo significant differences were present between subject groups for baseline data, except for 
toee angle, which was larger in the experimental group (P < 0.001). Arch angle was larger 
andd arch index smaller in the experimental group, but not significantly different compared 
withh the control group (Table 1). 

Figuree 4. (A) Sagittal plane image of normal hypo-intense plantar aponeurosis (3 arrows) and (B) coronal plane image 

off the second and third metatarsal-phalangeal joint region showing normal plantar plate (closed arrow heads) and 

collaterall ligaments (open arrow heads). (C) Sagittal plane image showing signal intensity increase in plantar 

aponeurosiss (arrow) compatible with plantar fasciitis. (D) Coronal plane image of a subject with dislocated joints 

showingg large-scale signal intensity increase representing degeneration or rupture in the plantar plate (closed arrow 

heads)) and collateral ligaments (open arrow heads). 

Somee degree of intrinsic muscle atrophy was present in each of the 18 neuropathic patients; 
thee whole range of atrophy scores (1-4) was represented in both groups. Ten patients had 
atrophyy score 3 or 4. Mean (SD) atrophy score was 3.0 (1.1) for the experimental group and 
2.66 (1.2) for the control group, which was not significantly different (P = 0.2, Table 2). 
Correlationn coefficients between intrinsic muscle atrophy score and toe angle were 0.09 and 
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0.111 for the experimental and control groups, respectively, and -0.10 for the pooled group 
off  neuropathic subjects; none were statistically significant. Figure 5 shows two examples, 
onee of an experimental patient with severe deformity (toe angle -26.3 degrees) but with 
onlyy mild degrees of intrinsic muscle atrophy (score 1) and a control patient with almost no 
intrinsicc muscle left (score 4) hut with perfectly aligned toes. None of the five healthy, non-
diabetic,, subjects showed any degree of intrinsic muscle atrophy (all score 0). 

Tablee 2. Results for dependent variables 

Variable e 

Intrinsicc muscle atrophy score 

ÈDLL atrophy score (proximal) 

EDLL atrophy score (distal) 

FDLL atrophy score (proximal) 

FPLL atrophy score (distal) 

Extrinsicc muscle imbalance 

Intrinsic/extrinsicc muscle imbalance 

Extrinsicc muscle fibrosis 

Plantarr aponeurosis abnormalities, of which: 

Plantarr fasciitis 

Rupture e 

Thickening g 

Jointt capsule abnormalities* 

sntaff group {n = 9) 

3.00 (1.1) 

0.66 (0.5) 

1.2(1.1) ) 

0.11 (0.3) 

0.22 (0.4) 

1.3(0.3) ) 

0.33 (0.3) 

0 0 

3 3 

0 0 

1 1 

4 4 

Controll group (n = 9) 

2.66 (1.2) 

0.44 (0.7) 

0.9(1.4) ) 

0.22 (0.7) 

0.88 (1.1) 

1.11 (0.2) 

0.44 (0.3) 

0 0 

3 3 

0 0 

1 1 

2 2 

Dataa are means (SD) or n. ^Degeneration or rupture of plantar plate or collateral ligaments. 

Neitherr the FDL nor the EDL muscle showed any hypo-intense signal on the lower-leg 
imagess representing fibrosis. The EDL was atrophic in six experimental and four control 
subjectss with more atrophy present distally (Table 2, Figure 3B). The FDL muscle was 
atrophicc in three experimental patients and in four control patients. In those experimental 
patientss showing FDL atrophy, a score higher than one (i.e., mild atrophy) was not found. 
Noo significant differences were found between experimental and control groups in any of 
thee extrinsic muscle atrophy scores. The EDL was slightly more atrophic compared to the 
FDLL in both patient groups, with imbalance values >1. The intrinsic muscles were more 
atrophicc than the extrinsic muscles, with imbalance factors of 03 and 0.4 for the 
experimentall  group and control group, respectively; the difference between groups was nog 
significant.. Correlation coefficients between imbalance measures and toe angle varied from 
-0.311 to 0.10 and were not significant. 
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Fourr patients in the experimental group and four in the control group showed plantar 

aponeurosiss abnormalities (Table 2). Three patients in each group had abnormalities close 

too the insertion of the aponeurosis at the calcaneus compatible with plantar fasciitis (Figure 

4C)) and one patient in each group showed substantial thickening of the proximal part of the 

aponeurosis.. More distally in the foot, no disturbances were seen on sagittal and coronal 

planee images. None of the patients showed any evidence of partial or complete rupture of 

thee plantar aponeurosis. 

Toee angle = -26.3 

J J 

Atrophyy score = 1 

4a a 

' ' 

<* <* 

i i 
£ £ 

Toee angle = -2.6 

Atrophyy score = 4 

<<qfc>> ^ s » . 
^ ^ 

*W&&* *W&&* 
Figuree 5. Two cases illustrating the lack of association between intrinsic muscle atrophy and toe deformity. Sagittal and 

coronall plane foot images of an experimental patient with severe deformity but only mild atrophy (left side plane), and a 

controlcontrol patient with perfectly aligned toes but almost no intrinsic muscle left in the foot (right side plane). 

Signall  intensity increases in the plantar plate and collateral ligaments were seen in five 

experimentall  patients and two control patients, but one abnormality in the experimental 

groupp was present in a toe that was not deformed. The remaining difference in prevalence 

off  two cases was not statistically significant (P = 0.3). Figure 4D shows the plantar plate 

andd collateral ligaments of the patient with the most substantial disturbance of these hypo-

intensee structures representing degeneration or rupture. This was the only patient in the 

studyy with rigid toe deformity and dislocated MTP joints. 
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Discussion n 

Noo significant difference in degree of intrinsic muscle atrophy was found between 
neuropathicc patients with claw/hammer toe deformity and neuropathic patients without 
deformity.. Furthermore, correlation coefficients between intrinsic muscle atrophy score and 
degreee of toe deformity (toe angle) were low, showing no association between these two 
variables.. This is clearly illustrated by the two cases shown in Figure 5. These results imply 
thatt intrinsic muscle atrophy does not discriminate the patients with toe deformity from the 
patientss without deformity. The present data confirms previous findings from our groups 
thatt intrinsic muscle atrophy dóes not necessarily imply toe deformity6 (chapter 2) by 
showingg substantial degrees of atrophy in feet with normally aligned toes. In support of 
thesee findings, previous studies on clawed toes, albeit in non-diabetic subjects, showed no 
abnormalitiess of the intrinsic muscles by gross inspection, stimulation, or microscopic 
examinationn of biopsy material27, and no abnormality in motor nerve conduction velocity.17 

Inn further support of our findings, van Schie et al.32 found that muscle weakness is not 
associatedd with foot deformity in diabetic patients. The present results suggest that the 
intrinsicc muscles are not (exclusively) responsible for the development of claw/hammer 
toess in the diabetic foot, although it may still be a permissive factor since we found all 
patientss with toe deformity to have at least a mild degree of intrinsic muscle atrophy. 

Thee extrinsic museles, whether or not being in a state of contracture11^, are thought to 
overpowerr the decidedly weaker intrinsic muscles across the MTF and IP joints, leading to 
aa characteristic 'cocked-up' position of the toes.3;12;14 In this study we found no signs of 
fibrosisfibrosis in either neuropathic group that may indicate the presence of pathologic muscle 
contracture^19;222 nor did we find significant differences in extrinsic muscle atrophy score 
betweenn the neuropathic groups. Furthermore, the extrinsic muscle imbalance and the 
intrinsic/extrinsicc muscle imbalance ratios were not different between groups and not 
associatedd with toe angle. This suggests that an imbalance between the extrinsic and 
intrinsicc muscles is not likely to be responsible for claw/hammer toe deformity and 
challengess the prevailing theory of toe deformity pathogenesis. Alternatively, predisposing 
anatomicall  factors should explain why an imbalance between the intrinsic and extrinsic 
muscless leads to deformity in some, but not all patients with neuropathy. Although foot 
typee may be such a factor, our analyses showed only a trend towards a higher arch in the 
groupp with toe deformity. 

Thee use of high-resolution Tl-weighted spin-echo MRI allowed us to examine the plantar 
aponeurosiss in detail over its entire length and width.28 None of the 18 neuropathic subjects 
showedd any evidence of discontinuity in plantar aponeurosis indicating rupture. Three 
patientss in each group showed abnormalities compatible with plantar fasciitis and one 
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patientt is each group showed abnormal thickening. As for the muscle data, these findings 
implyy that plantar aponeurosis abnormalities do not distinguish the neuropathic feet with 
toee deformity from the feet without deformity. This lack of discriminative power does not 
correspondd with data from Taylor et al.26 who consistently showed plantar aponeurosis 
discontinuityy in diabetic feet with hyperextended toes and not in patients with normally 
alignedd toes. The difference with our date is striking. However, an in-depth comparison 
betweenn these two studies was not possible, as the results from Taylor have been reported 
inn abstract form only; MR sequences, degree of deformity, and location and type of signal 
intensityy changes may have been different. Therefore, it remains unclear what the exact role 
off  the plantar aponeurosis is in the development of toe deformity in the diabetic foot. 

Too the best knowledge of the authors, the plantar plate and collateral ligaments have not 
beenn studied before in-vivo in the diabetic foot, although several authors have associated 
plantarr plate rupture or degeneration with MTP joint instability and toe deformity.11'31 The 
lackk of significant difference in abnormalities between groups and the mixed results 
obtainedd per group shows that changes in joint capsule structure do not clearly distinguish 
thee patients with claw/hammer toe deformity from the patients with normally aligned toes. 
Thee fact mat the most widespread signal intensity increases in these structures were found 
inn the only patient with rigid deformity and dislocated joints, suggests mat connective tissue 
pathologyy at thé MTP region may equally be a result as a cause of the deformity. Due to the 
limitedd time available per patient for MRI data collection and the additional use of the 
coronall  plane foot images for assessment of mtrinsic muscle atrophy, a relatively large 
FOVV and single MR sequence were chosen to study the MTP region. As a result, we could 
nott examine this region in great detail and may have missed smaller-scale pathologies 
present.311333 Therefore, the conclusions drawn from this analysis should be considered with 
somee caution. 

Overall,, the results suggest that there is no single factor that can explain the presence of 
claw/hammerr toe deformity in the diabetic neuropathic foot. This is supported by data from 
Myersonn and Sheriff  2\ who sequentially sectioned claw toes and hammer toes in non-
diabeticc cadaver feet and concluded that there are multiple components to the 
hyperextendedd position of the MTP joint, which included the long toe extensors and the 
collaterall  ligaments. However, a subjective analysis of our data suggested that even 
combinedd factors cannot explain why some patients have toe deformity and others not, 
whichh leaves us with the question how claw/hammer toes develop in the diabetic foot? 
Analogouss to how finger deformity can develop in the hands4, the repetitive application of 
abnormallyy high toads at the toes in combination with intrinsic muscle atrophy may 
producee joint moments at the IP and MTP joints that cannot be sufficiently opposed by the 
weakenedd intrinsic muscles, which overtime may lead to claw/hammer toe deformity. 
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Plantarr pressure measurements in the toes and long-term follow-up of patients should lead 

too acceptance or rejection of this alternative hypothesis. It should further be stressed that 

anatomicall  predisposing factors may vary extensively between individuals and may prevent 

thee clear identification of a single factor causing toe deformity.10'13 

Severall  limitations apply to this study. First, the cross-sectional design did not allow the 
establishmentt of cause-and-effect relationships, despite the focus on flexible toe deformity 
ass a pre-stage of rigid toe deformity. Long-term follow-up of patients with flexible toe 
deformityy may improve our understanding of toe deformity pathogenesis. However, 
intrinsicc and extrinsic muscle atrophy are not likely a result of claw/hammer toe deformity, 
butt are probably merely a result of the (long-lasting) presence of peripheral neuropathy, as 
evidencedd by the significant degrees of muscle atrophy found in neuropathic patients with 
normallyy aligned toes. Secondly, using MRI, we were unable to assess the stiffening of 
connectivee tissue structures in the foot that may have occurred as a result of non-enzymatic 
glycosylationn of proteins in patients with long-term diabetes and that has been suggested to 
playy a role in toe deformity.26 MR spectroscopy can be used to assess glycosylation of 
connectivee tissue and may therefore be used in future studies for assessing soft-tissue 
architecturee in deformed feet. Thirdly, we did not measure motor nerve conduction 
velocitiess as a measure of peripheral motor nerve dysfunction, which prevented us from 
determiningg the associations between motor nerve impairment and structural outcomes.32 

However,, because muscle atrophy results from motor nerve impairment1125 and is the factor 
believedd to be associated with toe deformity, we considered muscle atrophy indicative of 
motorr impairment and therefore used only this variable. Finally, this was an explorative 
study.. Considering the limitations and the small number óf subjects used, we by no means 
claimm to be fully comprehensive in our analysis. We expected to find consistent differences 
betweenn the two groups of patients primarily in intrinsic and/or extrinsic muscle atrophy, 
musclee imbalance or, alternatively, in connective tissue abnormalities. If present, they 
wouldd suggest the importance of this (these) variable(s) in the pathogenesis of 
claw/hammerr toe deformity. 

Conclusions Conclusions 

InIn conclusion, our results suggest that the intrinsic and extrinsic muscles are not, or at least 

nott exclusively, responsible for the development of claw/hammer toe deformity in the 

diabeticc foot as is widely believed. Abnormalities in the plantar aponeurosis and joint 

capsulee seem to have no discriminatory power either. Currently unknown (predisposing) 

factorss are presumably influential. Abnormal loading of the toes in combination with 

intrinsicc muscle atrophy may be such a factor. While awaiting further longitudinal 

(biomechanical)) studies or in-depth analyses using MRI in combination with techniques 

74 4 



TheThe pathogenesis of claw/hammer toe deformity 

suchh as MR spectroscopy or histochemical examination of muscle and other soft-tissue 
structures,, we provisionally conclude that the pathogenesis of claw/hammer toe deformity 
iss idiopathic in nature. 
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Abstract t 

Thee objective of this study was to quantify the association between claw/hammer toe 
deformityy and changes in sub-metatarsal head (sub-MTH) fat-pad geometry in diabetic 
neuropathicc feet. 

Thirteenn neuropathic diabetic subjects (mean age 56.2 years) with toe deformity, 13 age-
andd gender-matched neuropathic diabetic controls without deformity, and 13 age- and 
gender-matchedd healthy controls without deformity were examined. From high-resolution 
sagittall  plane magnetic resonance images of the second and third ray of the foot, toe angle 
(aa measure of deformity), sub-MTH fat-pad thickness, and sub-phalangeal fat-pad thickness 
weree measured. The ratio of these thicknesses was used to indicate fat-pad displacement. 

Sub-MTHH fat pads were significantly thinner (2.5 [SD 1.3] vs. 6.0 [SD 1.4] mm, P < 0.0Ó1) 
andd sub-phalangeal fat pads significantly thicker (9.1 [SD 1.9] vs. 7.6 [SD 1.2] mm, P < 
0.005)) in the neuropathic group with deformity compared with neuropathic controls. As a 
result,, thickness ratio was substantially smaller in the deformity group: 0.28 (SD 0.14) vs. 
0.799 (SD 0.14) in neuropathic controls (P < 0.001). A significant correlation of 0.85 was 
presentt between toe angle and thickness ratio (P < 0.001), No significant differences were 
foundd between neuropathic and healthy controls. 

Thiss study shows a distal displacement and subsequent thinning of the sub-MTH fat pads in 
neuropathicc diabetic patients with toe deformity and suggests that, as a result, the capacity 
off  the tissue in mis region to reduce focal plantar pressure is severely compromised. This 
conditionn is likely to increase the risk of plantar ulceration in these patients. 
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Introductio n n 

Fatt pads under the metatarsal heads (MTHs) in the foot provide the primary source of 
cushioningg to protect the skin from damage during gait. These fat pads are invested in the 
flexorflexor tendons of the toes and originate from the plantar ligaments, which are firmly 
attachedd to the proximal phalanges.*4 In clawing and hammering of the toes, the sub-MTH 
fatt pads are believed to migrate distally as a result of hyperextension of the metatarsal-
phalangeall  (MTP) joint, exposing the now prominent and unprotected MTHs to elevated 
levelss of mechanical pressure during gait,3;9;,9;21 Elevated plantar pressure has long been 
establishedd as a major risk factor for plantar ulceration in diabetic neuropathic feet.17;22 

Dissectionn of non-diabetic cadaver feet with hammered toes has shown a distal pull of the 
plantarr fat pad with substantial thinning or even loss of sub-MTH fat tissue and thickening 
off  fat tissue plantar to the proximal phalanx.3 However, despite numerous theoretical and 
anecdotall  reports, there is no quantitative in-vivo evidence of fat-pad displacement and 
resultantt thinning of sub-MTH fat tissue secondary to toe deformity in neuropathic diabetic 
patients. . 

Clawing/hammeringg of the toes, which is a common deformity in diabetic patients11120, has 
beenn shown to be a significant predictor of elevated plantar pressure in neuropathic diabetic 
patients166 and, prospectively, of foot ulceration in people with diabetes.5 Therefore, the 
studyy of above-mentioned meehanism is important to improve our understanding of the role 
toee deformity plays in causing plantar ulceration. Because magnetic resonance imaging 
(MRI)) has emerged as the most useful non-invasive tool with which fatty structures can be 
studied13,, we used this technique to determine, in diabetic neuropathic feet, the association 
betweenn MTP joint hyperextension and changes in plantar fat-pad geometry. 

Methods s 

Subjects Subjects 

Thirteenn diabetic patients with distal symmetric sensory neuropathy and MTP joint 
hyperextensionn deformity (experimental group) and 13 age- and gender-matched diabetic 
patientss with neuropathy but without toe deformity (neuropathic control group) 
participated.. An age- and gender-matched group of 13 healthy subjects without toe 
deformityy (healthy control group) was also included. Subjects in the experimental group 
weree selected based on deformity present in at least the second or third ray of the foot that 
wass initially assessed clinically and later confirmed by MRI evaluation as described below. 
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Eachh group consisted of eight male and five female subjects. The maximum age difference 
betweenn matched subjects was six years. Subject characteristics are summarized in Table 1. 

Tablee 1. Baseline subject characteristics and experimental results for the three study groups 

Variable e 

n n 

Agee (years) 

Heightt (m) 

Weightt (kg) 

Bodyy mass index (kg/m2) 

Diabetess type (1/2) 

Diabetess duration (years) 

HbA„„ {%) 

Historyy of ulceration (plantar MTHs excluded) 

Neuropathyy duration (years)1 

Vibrationn perception threshold (Volts) 

Foott studied (L/R) 

Numberr of toes 

Toee angle (a, degrees) 

Fat-padd thickness (mm) 

Sub-MTH H 

Sub-phatangeal l 

Thicknesss rafio 

Neuropathic c 

experimental l 

13 3 

56.33 (8.6) 

1.777 (0.10) 

85.55 (14.6) 

27.22 (2.9) 

9/4 4 

32.88 (12.0) 

7.8(1.1) ) 

3 3 

12.44 (5.3) 

33.55 (12.2) 

6/7 7 

21 1 

-25.2(10.0) ) 

2.5(1.3) ) 

9.11 (1;9) 

0.288 (0.14) 

Neuropathic c 

control control 

13 3 

57.22 (6,5) 

1.74(0.06) ) 

79.55 (10.3) 

26.44 (4.1) 

11/2 2 

31.11 (12.8) 

8.00 (0.9) 

2 2 

11.6(7.6) ) 

36.22 (10.6) 

6/7 7 

21 1 

-2.00 (5.7)e 

6.00 (1 4)c 

7.6(1.2)" " 

0.79(0.14)e e 

Healthy y 

control control 

13 3 

53.99 (6.8) 

173(0.08) ) 

79.33 (10.6) 

26.6(4.2) ) 

--
--
--
--
--

11.6(4.3)" " 

5/8 8 

19 9 

-3.99 (5.9)c 

6.00 (1.2f 

7.7(1.3)" " 

0.78(0.10)c c 

Dataa are means (SD) or numbers (n). Vibration perception threshold for healthy subjects were all within normal limits2 

'Ass derived from medical records or. when absent, estimated by the patient based on the first appearance of 

neuropathicc symptoms.B P < 0.05, b P < Ö.005,cP < 0.001 compared with neuropathic experimental group. "P < 0.ÓÓ1 

comparedd with both neuropathic subject groups. 

Subjectss were classified as neuropathic if they exhibited loss of protective sensation, based 
onn the inability to feel the pressure of a IO-grams monofilament at one or more of six sites 
onn the plantar surface of the foot.15 Vibration perception threshold was also measured 
accordingg to standardized methods17 on the dorsal surface of the hallux using a 
Biothesiometerr (Bio-Medical Instrument Company, Newbury, OH). All subjects had 
abnormall  vibration perception threshold based on the 95% age-appropriate confidence 
intervalss for vibration perception threshold. 
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Exclusionn criteria were: 1) age <40 or >65 years; 2) significant peripheral vascular disease, 
determinedd by absent dorsalis pedis or tibialis posterior arterial pulses, combined with an 
ankle-brachiall  systolic blood pressure index <0.75 or a toe pressure <50 mmHg; 3) 
neuropathicc syndromes other than distal symmetrical neuropathy associated with diabetes; 
4)) significant musculoskeletal disorders in the lower extremities, including injury, fracture, 
andd surgery; 5) rheumatoid arthritis, lower-extremity amputation, or Charcot neuro-
arthropathy;; 6) history of ulceration in the plantar MTH region; 7) current foot ulceration or 
edema;; and 8) conditions precluding MRI. This study was approved by the medical ethics 
committeee of the Academic Medical Center of the University of Amsterdam. Written 
informedd consent was obtained from each subject. 

Procedures Procedures 

AA Siemens 1.5-Tesla Magnetom 63SP/4000 imager (Siemens, Erlangen, Germany) was 
usedd to acquire high-resolution (512 x 512 pixels) Tl-weighted sagittal plane spin-echo 
imagess of the foot. Subjects lay supine with one foot inserted into a circular polarized head 
coil,, which provided the best signal-to-noise ratio for studying the foot.13 Without affecting 
thee natural non-weight bearing configuration of the toes, the foot was immobilized on a 60-
degreee wooden ramp using tape and padding to noihimize motion artifacts during image 
acquisition.. The foot used for MRI data collection was randomly assigned if either foot was 
nott excluded by the aforementioned criteria. 

Thee dataset consisted of 19 slices collected between the first and fifth MTHs. Their 
anatomicall  orientation was parallel to the long axis of the second metatarsal in a transverse 
planee and perpendicular to the sole of the forefoot in a coronal plane. Repetition time was 
5777 ms, echo time 17 ms, slice thickness 3 mm, interslice gap 0.9 mm, and field of view 
2566 x 256 mm. Acquisition time was 10 minutes per subject. Representative slices through 
thee second and third MTP joints were selected for quantitative analysis. In some cases, 
measurementss were made from an additional adjacent slice as a result of anatomical 
misalignmentt in the sampling plane. 

Usingg Agfa IMPAX WEB1000 software (Agfa-Gevaert N.V., Mortsel, Belgium), the 
degreee of hyperextension deformity was assessed from the MR images by measuring the 
anglee a (called the 'toe angle' - negative value denoting extension) between a line parallel 
too thé sole of the forefoot and the bisector of the proximal phalanx (Figure 1A). All 
neuropathicc subjects with deformity had a toe-extension angle that was a minimum of two 
standardd deviations larger than the average toe angle in the neuropathic control subjects 
(i.e.,>133 degrees). Average toe angles are shown in Table 1. 
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Metatarsal l 

Proximall phalanx 

 « 
proximal l 

Sub-phaiangeall fat-
padd thickness 

centree proximal 
al l 
Sub-MTHH fat-pad 
thickness s 

Figuree 1. (A) Configuration of the MTP joint defined by the angle between a line parallel to the sole of the forefoot and 

thee bisector of the proximal phalanx. The angle a was named the toe angle, with a negative sign representing 

extension.. (B) Representative sagittal-plane image through the MTP joint of the second ray. Sub-MTH and sub-

phalangeall fat-pad thickness were both measured at three proximal-to-distal locations, the former perpendicular to the 

solee of the foot and the latter perpendicular to the bisector of the proximal phalanx. 

Too improve visualization of plantar fat tissue, the image resolution was increased threefold 

throughh interpolation using an eFilm workstation (Merge-eFilm, Milwaukee, WI), resulting 

inn pixel dimensions of 0.17 x 0.17 mm. The plantar fat pad was defined as the structure 

withh the highest signal intensity between the bone and the skin. It was measured between 

thee lower signal intensity structures dorsally (tendon and connective tissue) and plantarly 

(subb cutis). Fat-pad thickness was measured plantar to the MTH and plantar to the proximal 

phalanxx using Scion Image (National Institutes of Health, Bethesda, MD). Sub-MTH fat-

padd thickness was measured perpendicular to the sole of the foot, and sub-phalangeal fat-

padd thickness was measured perpendicular to the bisector of the proximal phalanx. In both 

regions,, measurements at proximal, central, and distal locations were made to provide a 

goodd representation of fat-pad thickness throughout the region (Figure IB). The average 

thicknesss of these three measures per region was used for further analysis. The ratio of sub-

MTHH to sub-phalangeal fat-pad thickness was also calculated and was used as an indicator 

off  fat-pad displacement. 

StatisticalStatistical analysis 

84 4 



PlantarPlantar fat-pad displacement in toe deformity 

Fromm each subject group 26 toes (both second and third digits) were available for analysis. 
Fivee toes (from different subjects in the experimental group) were excluded because they 
didd not meet the criterion for deformity (four toes) or could not be examined due to 
inadequatee MRI slice orientation (one toe). In the healthy control group, two toes from one 
subjectt were excluded because they were abnormally aligned. Thus, 21 toes were evaluated 
fromm both neuropathic groups and 19 toes in the healthy control group. 

Differencess between the subject groups for each dependent variable in the study were 
examinedd using one-way analyses of variance with Tukey post-hoc pair-wise comparison 
usingg SPSS statistical software (SPSS, Chicago, IL). Pearson correlation coefficients were 
calculatedd between selected variables of interest for the pooled data of 26 neuropathic 
subjectss (n = 42 toes). The data was pooled because the two neuropathic groups showed a 
continuouss spectrum for toe angle measures. A significance level of P < 0.05 was used for 
alll  analyses. 

Figuree 2. Joint configuration and fat-pad geometry in a neuropathic subject with deformity of the second digit (A) and a 

matchedd neuropathic subject with a normally aligned second toe (B). Note the remarkable difference in geometry of the 

plantarr fat pads between the subjects. (C) Example of a neuropathic subject with toe deformity and complete absence 

off sub-MTH fat tissue. 

Results s 

Baselinee characteristics showed no significant differences between the groups, except for 

vibrationn perception threshold, which was significantly lower in the healthy control group 

whenn compared with the two neuropathic groups (Table 1). 

Ann initial qualitative evaluation of the MRIs showed differences in fat-pad geometry 

betweenn the deformed and normally aligned toes of the neuropathic subjects (Figure 2) with 
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thinnerr sub-MTH fat pads and thicker sub-phalangeal fat pads in the deformed cases. In 10 

off  the 21 deformed toes, fat tissue was discontinuous and almost completely absent from 

thee sub-MTH region (Figure 2C). 

Thee sub-MTH fat pads were significantly thinner in the experimental group compared with 

thee neuropathic control group (P < 0.001), whereas the sub-phalangeal fat pads were 

significantlyy thicker (P < 0.005) (Table 1). As a result, the ratio of sub-MTH to sub-

phalangeall  fat-pad thickness was substantially smaller (by 65%) in the experimental group 

(P(P < 0.001). The sub-phalangeal fat pads were 3.6 times thicker than the sub-MTH fat pads 

inn the experimental group and 1.3 times thicker in the neuropathic controls. In all 21 

deformedd toes examined, sub-MTH fat-pad thickness and thickness ratio were smaller than 

inn their matched controls. Toe angle (a) was significantly correlated with sub-MTH fat-pad 

thicknesss (r = 0.80, P < 0.001, Figure 3A), sub-phalangeal fat-pad thickness (r = -0.57, P < 

0.001),, and thickness ratio (r = 0.85, P < 0.001, Figure 3B). Thickness ratio and sub-MTH 

fat-padd thickness were also significantly correlated (r = 0.88, P < 0.001). The healthy 

controll  subjects and the neuropathic control subjects were not significantly different from 

eachh other on any of the dependent variables. 

.—-—ii 1 -  ,  . o r - 1 1 »  * ^ 1 ' 1 ' 1 *-Wr— 1 : 
-500 -45 -40 -35 -30 -25 -20 -15 -10 -5 0 5 10 15 -50 -45 -40 -35 -30 -25 -20 -15 -10 -5 0 5 10 15 

Toee angle (degrees) Toe angle (degrees) 

Figuree 3. Scatter plots for the association between toe angle and sub-MTH fat-pad thickness (A) and between toe 

anglee and thickness ratio (B) for the three subject groups (black squares, experimental group; black circles, 

neuropathicc control group; white triangles, healthy control group). Linear regression lines and R2 values are added for 

thee pooled group of neuropathic subjects (n = 42). 

Discussion n 

Thee results of this study show that the geometry of the plantar fat pad is remarkably 

differentt between neuropathic patients with and without toe deformity, with significantly 

thinnerr sub-MTH fat pads and significantly thicker sub-phalangeal fat pads when deformity 

iss present. Deformity was associated with a 65% reduction in the ratio of sub-MTH to sub-
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phalangeall  fat-pad thickness, indicating that the sub-MTH fat-pad cushions are distally 
displaced.. In support of this finding, strong and highly significant correlations were found 
betweenn toe angle and thickness ratio (r - 0.85), toe angle and sub-MTH fat-pad thickness 
(rr = 0.80), and toe angle and sub-phalangeal fat-pad thickness (r = -0.57), showing that 
pathologicall  changes were more apparent with more severe cases of deformity. In nearly 
one-halff  of the deformed toes, a discontinuity and almost complete absence of fat tissue 
wass found in the sub-MTH region (Figure 2C). It is possible that the plantar fat pad 
rupturedd in these cases. 

Thee present objective in-vivo findings confirm anecdotal reports and observational studies 
onn diabetic neuropathic feet9 and non-diabetic cadaver specimens.3 Ellenberg9 postulated 
thatt a hyperextended position of the toes at the MTP joint leads to uncovered and readily 
palpablee MTHs, resulting in elevated pressure and trauma to soft tissues during ambulation. 
Bojsen-Moller33 stated that, because the sub-MTH fat-pad cushions are indirectly connected 
too the proximal phalanx via the entrapment in vertical fibers and investment in the flexor 
tendons,, they are displaced distally when the proximal phalanx is hyperextended. 

Thee healthy and neuropathic control groups, who had comparable average toe angles, were 
nott sigjaiflcantly different in fat-pad thickness and thickness ratio (Table 1), which suggests 
thatt diabetic neuropathy per se does not induce changes in fat-pad geometry. This finding 
contradictss that of Gooding et al.10, who, using ultrasound, showed MTH plantar soft-tissue 
thicknesss reductions in diabetic patients (with and without foot ulcers) compared with 
healthyy controls. However, neuropathic status and toe deformity were not assessed in their 
study.. Moreover, active ulceration underneath the MTHs represents a pathological state that 
mayy lead to different outcomes. In support of the present findings, Robertson et al.18, using 
computedd tomography, found no difference in sub-MTH soft-tissue thickness between 
neuropathicc diabetic patients and matched healthy controls. However, the measured MTP 
jointt angle was extended more in their neuropathic group and was not correlated with soft-
tissuee thickness, which does not agree with the present findings. In both referenced studies, 
soft-tissuee thickness from the plantar border of the MTH to the skin was measured, whereas 
inn the present study only fat-tissue thickness was assessed. This may explain the differences 
betweenn our study and those of other authors. 

Ourr findings imply that, in feet with claw/hammer toe deformity, the sub-MTH region 
becomess less functional for bearing weight during gait, leading to elevated plantar pressures 
andd a concomitant higher risk for plantar ulceration in patients who have lost protective 
sensation.. In a separate study reported elsewhere7 (chapter  7), we measured barefoot 
plantarr pressure in the same sample of subjects. Peak pressures at the second and third 
MTHH during walking were significantly higher in the neuropathic subjects with toe 
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deformityy when compared with the neuropathic controls. The load on the toes was 
significantlyy smaller in the neuropathic group with deformity. In the group of neuropathic 
subjects,, there were also highly significant correlations among MTH peak pressure, degree 
off  toe deformity, sub-MTH fat pad thickness, and thickness ratio in these central forefoot 
regions.. Taken together, these two studies show the importance of the toes and the sub-
MTHH structures in the functioning of the foot. In further support of these data, sub-MTH 
tissuee thickness has been found to be significantly inversely related to peak pressuress in the 
secondd and third MTH regions of the foot in neuropathic diabetic patients.1 Additionally, 
hammerr toe deformity was prospectively found to be a significant risk factor for plantar 
ulceration.3 3 

Thee present study has a number of limitations. First, its cross-sectional design limits the 
establishmentt of a cause-and-effect relationship between deformity and plantar fat-pad 
changes.. However, the similarity between the two neuropathic subject groups in diabetes-
relatedd baseline characteristics established, in our opinion, a useful model in which this 
associationn could be studied. The combined reduction in sub-MTH fat-pad thickness and 
thee increase in sub-phalangeal fat-pad thickness, together with multiple highly significant 
correlationss among the dependent variables (Figure 3), suggest a causal link between toe 
deformity,, fat-pad displacement, and thinning of sub-MTH fat tissue. The clinical 
observationss from Bojsen-Moller3 support this conclusion. Second, in measuring fat-pad 
thickness,, no correction was made for the presence of several non-fatty structures (e.g., 
bloodd vessels, plantar aponeurosis, and fibroelastic septae) in these fat compartments ,l , or 
forr the suggested presence of neuropathy-induced fibrotic atrophy of fat tissue.6 It is 
unlikelyy that this last factor affected the comparison between the two neuropathic groups, 
butt it may have influenced the comparison between neuropathic and healthy controls. 
Finally,, the process of fat-pad thickness measurement was not blinded because the presence 
off  toe deformity was always apparent when the MR images were viewed. This was, 
however,, unavoidable because the borders of the MTH and proximal phalanx were used to 
definee the region of interest in which fat-pad thickness was measured (Figure IB). 

Despitee the high prevalence of claw/hammer toe deformity in diabetic subjects (values of 
32%% and 46% have been reported)U;2° and other groups14, studies on the mechanical 
implicationss of this condition are rare. Ours is the first study to quantify plantar fat-pad 
changess with toe deformity, whereas previously we have shown with MRI that intrinsic 
musclee atrophy does not necessarily predispose a foot to exhibit claw/hammer toe 
deformity.88 (chapter  2) Our data justify the exploration of mechanisms leading to this 
conditionn so that our understanding of diabetic foot ulcer etiology can be further improved. 
Althoughh MRI is not cost-effective for assessing the risk of ulceration in diabetic feet with 
toee deformity, the strong associations found in the present study suggests that measures of 
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toee angle, perhaps combined with palpation of the MTH, can be used as a good indicator of 
reducedd fat-pad thickness and possible ulcer risk. 

Inn conclusion, the results of this study confirm the long-held belief that claw/hammer toe 
deformityy leads to sub-MTH fat-pad displacement in the neuropathic diabetic foot. The 
biomechanicss of gait will be altered in these patients, leading to a higher risk for the 
developmentt of plantar foot ulcers. 
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Abstract t 

Barefoott plantar pressure measurements are routinely used in the risk evaluation for 

ulcerationn in diabetic patients with neuropathy. The aim was to compare three step-

protocolss commonly used for pressure assessment in these patients. 

Dynamicc barefoot plantar pressures were measured in 14 neuropathic diabetic patients 

(vibrationn perception threshold >35 Volts) contacting a pressure platform on the first, 

secondd or third step after gait initiation. Ten repeated trials per step-protocol were collected. 

Thee 3-step protocol was regarded the reference protocol. Peak pressure, pressure-time 

integrall  and contact time were calculated for each of six anatomical foot regions. Intraclass 

correlationn coefficients (ICC) were calculated to assess reliability in each protocol. 

Regionall  peak pressures and pressure-time integrals were not significantly different 

betweenn protocols. Contact time was significantly different in the heel region between the 

1-stepp and 3-step protocol only (P < 0.05). ICCs for the maximum 10 repeated trials were 

highh (>0.87) and similar between protocols. Reliable estimates (ICC >0.85) of peak 

pressuree were achieved with 3 repeated trials in the 2-step protocol, and 4 in the other two 

protocols;; for pressure-time integral these numbers were 7 (1-step), 4 (2-step), and 5 trials 

(3-step). . 

Barefoott plantar pressures in the diabetic neuropathic foot can be assessed in a reproducible 

mannerr with any of the step-protocols used. For mis purpose, the 1-step and 2-step 

protocolss prove to be valid methods. The use of a 2-step protocol is recommended if both 

peakk pressure and pressure-time integral data are obtained in these patients. If only peak 

pressuree data is of interest to the investigator, a 1-step protocol can also be used. 
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Introductio n n 

Barefoott plantar foot pressure assessments under dynamic conditions have become an 
importantt component of the evaluation of the foot in diabetic patients with peripheral 
neuropathyy since elevated barefoot pressure has been shown to be a major risk factor for the 
developmentt of plantar ulcers in these patients.3;24:29 In these assessments, barefoot pressure 
dataa from multiple repeated trials are normally collected in order to obtain a representative 
estimatee of the true plantar pressures in a given patient. Furthermore, different gait 
protocolss are used. These vary from the 'gold standard' midgait protocol, in which pressure 
iss measured during steady state somewhere halfway a relatively long walkway, to different 
step-protocolss involving fewer steps before contact is made with the pressure platform. The 
midgaitt method requires a relatively large amount of laboratory space and time to complete 
duee to the relatively large number of barefoot steps and the effect of targeting,1S This 
methodd is therefore not recommended for testing 'at risk' diabetic patients. For these 
reasons,, the 1-step and 2-step approach protocols are commonly used in these patients. In 
anyy case, the choice for using a certain protocol or number of repeated trials should be 
basedd on evidence showing that the pressure data collected is reliable and representative of 
thee patients*  usual gait. 

Severall  studies have examined the precision and variability in measuring barefoot plantar 
pressuress for different gait protocols in healthy, predominantly young, non-diabetic 
volunteers.. Rodgers25 found that peak pressures were an average 13% higher using the 
midgaitt protocol when compared with the 1-step protocol, with more pronounced 
differencess present in more proximal foot regions. Morlock and Mittlmeier21 also compared 
thesee two gait-protocols and found significant differences in 26 of their 69 evaluated 
variables.. Wearing et al.30 supported these earlier findings by showing a significant 
differencee in peak pressure at the heel using a 2-step method when compared with a midgait 
protocol.. For peak pressure analysis, Meyers-Rice and coworkers19 found the 2-step 
protocoll  to be more representative of a midgait protocol than the 1-step protocol. More 
recently,, several studies comparing different step-protocols or comparing a 1-step or 2-step 
protocoll  with a midgait method showed no significant differences between protocols in 
regionall  peak pressures and/or pressure-time integrals.4511;18;23 Peters et al.23 recently found 
thee 1-step method to be more reliable than the 3-step method for pressure assessment. 
McPoill  et al.18 suggested that three to five repeated trials are needed for acceptable 
reliabilityy using a 2-step method. All mentioned studies, except the one by Harrison and 
Folland'',, used an EMED pressure platform for barefoot plantar pressures measurement. 

Too date, different gait-protocols have not been compared in patients with diabetic 
neuropathy,, meaning that the validity and reliability for foot pressure assessment in these 
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patientss are not known. Diabetic patients with neuropathy are known to have problems with 
controll  of balance due to their lack of sensory input from the feet.6:27;28 This may affect the 
variabilityy in plantar foot loading in any protocol used when compared with healthy non-
diabeticc subjects. In particular, variability in the 1-step and 2-step protocols may be affected 
becausee pressure is measured during the initiation phase of gait, which is a destabilizing 
phasee that challenges the balance control system until steady state is achieved at the third 
step.1*17*0 0 

Thee aims of this study were 1) to compare barefoot plantar pressures collected using the 1-
step,, 2-step and 3-step protocols in diabetic patients with peripheral neuropathy, 2) to 
determinee which of these three step-protocols is most reliable for measuring barefoot 
plantarr pressure, and 3) to determine the number of trials needed for each step-protocol to 
obtainn reliable estimates of barefoot plantar pressure. We hypothesized that (a) significantly 
lowerr plantar pressures and longer contact times would be obtained in proximal regions of 
thee foot with fewer steps made before platform contact, (b) more reliable estimates of 
barefoott plantar pressure could be achieved with more steps made before platform contact, 
andd (c) the number of trials needed for an acceptable level of reliability is higher than 
reportedd for healthy non-diabetic volunteers. 

Methods s 

Subjects Subjects 

Fourteenn diabetic patiënte with distal symmetric sensory neuropathy were studied (6 men, 8 
women,, mean (SD) age 58.6 (6.1) years). Neuropathy was indicated by a loss of protective 
sensationn in the foot as measured using quantitative sensory testing. All patients had a mean 
vibrationn perception threshold >35 Volts assessed according to standard methods on the 
dorsall  surface of the hallux using a Biothesiometer (Bio-Medical Instrument Company, 
Newbury,, OH).24 Additionally, all patients were unable to sense the pressure of a 10-grams 
Semmes-Weinsteinn monofilament at, at least, three of six plantar foot sites tested (hallux, 
lesserr toes, first metatarsal head (MTH), fifth MTH, midfoot, and heel). These criteria for 
vibrationn perception threshold and monofilament testing were used to obtain results from 
patientss with severe loss of protective sensation only. Patients with non-diabetic causes of 
neurologicall  deficit, a history of or current plantar ulceration, midfoot Charcot neurö-
osteoarthropathy,, and/or lower-extremity amputation were excluded. Written informed 
consentt was obtained prior to the start of the study, which was approved by the medical 
ethicss committee of the Academic Medical Center of the University of Amsterdam. 
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Procedures Procedures 

AA 27 by 47 cm EMED-NT pressure platform with a spatial resolution of 2 sensors per cm2 

andd measuring at 70 Hz sample frequency was used to obtain barefoot plantar pressures. 
Thee platform was located in the middle of a 6.7-meter wooden walkway. Each subject was 
testedd using three different step-protocols: a 1-step, 2-step and 3-step approach to the 
platformm in which platform contact was made on the first, second, or third step, 
respectively,, after initiation of gait (Figure 1). The sequence of protocols was randomized. 
Subjectss walked at self-selected speeds. In each protocol, subjects were instructed to walk 
untill  the end of the walkway after platform contact. Four test trials per protocol were 
conductedd for the subject to familiarize with the protocol and to determine the starting 
positionn from the platform for successful execution. Subsequently, 10 repeated trials per 
protocoll  were collected. Trials in which the platform was not contacted with the whole foot, 
thee subject targeted for the platform, or substantial gait abnormalities were noticed by the 
investigator,, were not saved for analysis. The pressure platform was calibrated by the 
manufacturerr according to standard procedures. 

1-stepp protoco l 

2-stepp protoco l 

3-stepp protoco l 

Figuree 1. Diagrams of experimental setup for the 1-step (top), 2-step (centre) and 3-step (bottom) protocols. Patients 

startedd with both feet next to each other, hit the platform with the right or left foot and continued walking for three or 

fourr steps until the end of the wooden walkway. 

Too decrease the potential risk for skin breakdown, patients with the highest risk for plantar 

ulcerationn were carefully excluded (see criteria mentioned earlier). Furthermore, efforts 

weree done to limit the number of barefoot steps per subject in each protocol. Only the left 
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oror right foot was tested (randomly assigned), and measurements were obtained in both 

walkingg directions across the platform. After finishing each protocol, both feet were 

inspected.. If changes in skin appearance were present, the experiment was discontinued for 

thatt subject. 

Novel-orthoo and Novel-win software was used to analyze the pressure data. By automated 

maskingg the foot was divided into six anatomical regions: heel, midfoot, MTH1, MTH2-5, 

hallux,, and lesser toes (Figure 2). The MTH1 and hallux regions were defined separately 

sincee these are the most common regions for plantar ulceration to occur in diabetic 

neuropathicc feet.2 For each region, peak pressure, pressure-time integral, and contact time 

weree calculated. 

Figuree 2. Anatomical division of the foot into six regions for regional analysis of peak pressure, pressure-time integral, 

andd contact time. 

StatisticalStatistical analysis 

Basedd on kinematic and mechanical energy analyses of gait initiation showing that steady-

statee walking is achieved between the second and third step after initiation of gait13,17,20, the 

3-stepp protocol was regarded representative of midgait walking and was therefore used as 

'referencee protocol' in the study. Mean values for 10 repeated trials were compared 

betweenn step-protocols using one-way analysis of variance and Tukey post-hoc analysis for 

pairwisee comparisons. Average measure intraclass correlation coefficients (ICC) were 

calculatedd for two repeated trials and for the average of each additional trial (incremental) 

perr step-protocol to determine between-trial reliability for regional peak pressure and 
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pressure-timee integral. An ICC > 0.85 indicated acceptable reliability.15 A significance 
levell  of P < 0.05 was used for all analyses, which were performed using SPSS (SPSS, 
Chicago,, IL). 

Tablee 1. Mean values and standard deviations (in parentheses) for peak pressure, pressure-time integral, and contact 

timetime for 10 walking trials in each of the three step-protocols. 

Foott  regio n 

Peakk pressur e (kPa) 

Heel l 

Midfoo t t 

MTH1 1 

Lesserr  MTHs 

Hallux x 

Lesserr  toes 

1-stepp protoco l 

4Ü22 (126) 

1300 (74) 

415(186) ) 

5599 (174) 

4188 (268) 

1622 (84) 

2-sJepp protoco l 

398(119) ) 

1266 (59) 

406(186) ) 

568(171) ) 

430(250) ) 

164(76) ) 

3-stepp protoco l 

394(113) ) 

1111 (46) 

4233 (227) 

5611 (164) 

4377 (278) 

169(81) ) 

Percen t t 

differenc e e 

11 vs . 3-step 

2.0 0 

17.1 1 

-1.9 9 

-0,4 4 

-4.3 3 

-4.1 1 

Percen t t 

differenc e e 

22 vs. 3-step 

1.0 0 

13,5 5 

-4.0 0 

1.2 2 

-1-6 6 

-3.0 0 

Pressure-4tmee Integral (kPa-s) 

Heell 1254(35.3) 

Midfoott 45.5 (28.5) 

MTH11 144.6(56.7) 

Lesserr MTHs 208.4 (75.3) 

Halluxx 113.8(84.8) 

Lesserr toes 43.6 (23.8) 

107.9(30.6) ) 

42.6(22.6) ) 

142.88 (56.8) 

207.00 (74.3) 

107.88 (69.5) 

45.77 (22.3) 

101.7(27.2) ) 

36.88 (19.6) 

144.8(61.3) ) 

201.55 (70.7) 

107.00 (75.0) 

44.77 (24.4) 

23.3 3 

23.6 6 

-0.1 1 

3.4 4 

6.4 4 

-2.5 5 

6.1 1 

15.8 8 

-1.4 4 

2.7 7 

0.7 7 

2.2 2 

Contactt time (ms) 

Heel l 

Midfoot t 

MTH1 1 

Lesserr MTHs 

Hallux x 

Lesserr toes 

Totall foot 

5655 (91)" 

5700 (134) 

7155 (127) 

7788 (126) 

6077 (160) 

5833 (159) 

8844 (121) 

508(97) ) 

5322 (128) 

678(117) ) 

729(114) ) 

5844 (128) 

5888 (148) 

8222 (107) 

478(84) ) 

510(108) ) 

6588 (109) 

7011 (106) 

555(134) ) 

5333 (147) 

7899 (100) 

18.2 2 

11.8 8 

8.7 7 

11.0 0 

9.4 4 

9.4 4 

12.0 0 

6.3 3 

4.3 3 

3.0 0 

4.0 0 

5.2 2 

10.3 3 

4.0 0 

'' Significantly different from 3-step protocol (P < 0.05) 
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Tabidd 2. Intraciass correlation coefficients for peak pressure and pressure-time Integral for each number of repeated 

tn'atss using the three step-protocots. 

Numberr  of trial s 

1-stepp protocol 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

2-stepp protocol 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

3-stepp protocol 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

Heel l 

0.83 3 

0,91 1 

0,91 1 

0.93 3 

0.95 5 

0.96 6 

0,97 7 

0.97 7 

0.97 7 

0.90 0 

0.94 4 

0.96 6 

0.97 7 

0.98 8 

0.97 7 

0.97 7 

0.97 7 

0.98 8 

0.87 7 

0.93 3 

0.95 5 

0.96 6 

0.97 7 

0.97 7 

0.98 8 

0.98 8 

0.98 8 

Mid --

foot t 

0.90 0 

0.90 0 

0-87 7 

0.89 9 

0.90 0 

0.81 1 

0.85 5 

0.87 7 

0.87 7 

0.67 7 

0.87 7 

0.93 3 

0.94 4 

0.95 5 

0.95 5 

0.94 4 

0.94 4 

0.95 5 

0.83 3 

0.82 2 

0.86 6 

0.Ö3 3 

0.89 9 

0.90 0 

0.92 2 

0.91 1 

0.92 2 

Peakk pressure 

MTH 1 1 

0.84 4 

0.84 4 

0.90 0 

0.90 0 

0.90 0 

0.92 2 

0.93 3 

0.94 4 

0.95 5 

083 3 

0.88 8 

0.91 1 

0.90 0 

0.89 9 

0.92 2 

0.93 3 

0.94 4 

0.95 5 

0.45 5 

0.75 5 

0,85 5 

0.91 1 

0.93 3 

0.94 4 

0.95 5 

0.97 7 

0.97 7 

MTH H 

2-5 5 

0,96 6 

0.96 6 

0,97 7 

0.97 7 

0.96 6 

0.97 7 

0.98 8 

0.97 7 

0.97 7 

0.87 7 

0.91 1 

0.92 2 

0.93 3 

0.95 5 

0.96 6 

0.96 6 

0.96 6 

0.97 7 

0.83 3 

0.92 2 

0.92 2 

0.94 4 

0.95 5 

0.96 6 

0.96 6 

0.96 6 

0.96 6 

Hallux x 

0.91 1 

0.96 6 

0.96 6 

0.97 7 

0.97 7 

0.97 7 

0.98 8 

0.98 8 

0.98 8 

0.87 7 

0.93 3 

0.96 6 

0.97 7 

0.96 6 

0.97 7 

0.97 7 

0.97 7 

0.98 8 

0.93 3 

0.97 7 

0.97 7 

0.98 8 

0.97 7 

0.98 8 

0.98 8 

0.98 8 

0.98 8 

Toes s 

0.91 1 

0.91 1 

0.93 3 

0,94 4 

0.95 5 

0.96 6 

0.96 6 

0.97 7 

0.97 7 

0.75 5 

0.91 1 

0.94 4 

0.95 5 

0.96 6 

0.96 6 

0.96 6 

0,96 6 

0.97 7 

0.78 8 

0.83 3 

0.86 6 

O.SO O 

0.93 3 

0.94 4 

0.95 5 

0.95 5 

0.95 5 

Heel l 

0.53 3 

0.75 5 

0.66 6 

0.75 5 

0.81 1 

0.85 5 

0.88 8 

0.90 0 

0.89 9 

0.68 8 

0.80 0 

0.88 8 

0.91 1 

0.93 3 

0.91 1 

0.92 2 

0.91 1 

0.92 2 

0.74 4 

0.86 6 

0.87 7 

0.88 8 

0.90 0 

0.92 2 

0.93 3 

0.94 4 

0.95 5 

Pressure-timee integral 

Mid --

foot t 

0.95 5 

0.92 2 

0.85 5 

0.87 7 

0.89 9 

0.89 9 

0.91 1 

0.93 3 

0,93 3 

0.80 0 

0.92 2 

0.95 5 

0.95 5 

0.96 6 

0.96 6 

0.96 6 

0.95 5 

0.96 6 

0.78 8 

0.83 3 

0.89 9 

0.88 8 

0.91 1 

0.93 3 

0.94 4 

0.94 4 

0.95 5 

MTH 1 1 

0.70 0 

0.67 7 

0.82 2 

0.82 2 

0.84 4 

0.86 6 

0.88 8 

0.91 1 

0.92 2 

0.71 1 

0.78 8 

0.86 6 

0.84 4 

0.84 4 

0,87 7 

0.90 0 

0,91 1 

0.92 2 

0.09 9 

0.68 8 

0.78 8 

0.85 5 

0.89 9 

0.90 0 

092 2 

0.93 3 

0.94 4 

MTH H 

2-5 5 

0.89 9 

0.90 0 

0.93 3 

0.93 3 

0.94 4 

0.95 5 

0.96 6 

0.97 7 

0.97 7 

0.87 7 

0.89 9 

0.92 2 

0.93 3 

0,94 4 

0.95 5 

0.96 6 

0,96 6 

0.97 7 

0.84 4 

0.90 0 

0.93 3 

0.94 4 

0.95 5 

0.96 6 

0.96 6 

0.96 6 

0.96 6 

Hallux x 

0.79 9 

0.92 2 

0.92 2 

0.94 4 

0.95 5 

0,96 6 

0.97 7 

0.97 7 

0.98 8 

0.90 0 

0.94 4 

0.95 5 

0.92 2 

0.92 2 

0.93 3 

0.94 4 

0.95 5 

0.96 6 

0,96 6 

0.97 7 

0.96 6 

0.97 7 

0.97 7 

0.97 7 

0.98 8 

0.97 7 

0.97 7 

Toes s 

0.91 1 

0.90 0 

0.92 2 

0.93 3 

0.95 5 

0.96 6 

0.96 6 

0.97 7 

0.97 7 

0.76 6 

0.89 9 

0:93 3 

0.95 5 

0.95 5 

0,96 6 

0.96 6 

0.97 7 

0.97 7 

0.87 7 

0.88 8 

0.9Ö Ö 

0.93 3 

0.95 5 

0.95 5 

0.96 6 

0.96 6 

0.97 7 

Underlinedd values represent number of trials needed to obtain acceptable reliability per region (ICC > 0,85) 
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Results s 

Patientt acceptance of the barefoot pressure measurement protocol was good; skin changes 
weree not noticed in-between protocols and at conclusion of the experiment in any of the 
testedd subjects. 

Meann values for peak pressure, pressure-time integral, and contact time are shown in Table 
1.. No significant differences in peak pressure and pressure-time integral were present 
betweenn the three step-protocols in any of the six foot regions. Percentage differences 
betweenn protocols for peak pressure were <4.3% iii all regions, except the midfoot. For 
pressure-timee integrals, percentage differences between protocols were <6.4% in the 
forefoott and toe regions, and higher in heel and midfoot (up to 23.6%). There was a general 
trendd towards longer contact times with fewer steps taken before contacting the platform, 
butt the only significant difference present was for contact time in the heel, which was 
longerr in the 1-step protocol when compared with the 3-step protocol (P < 0.05). When 
normalizedd to total contact time, thé differences between protocols for any region were 
<6%. . 

Intraclasss correlation coefficients for the average of two repeated trials and each additional 
triall  are listed in Table 2 and shown graphically in Figure 3. In general, the reliability for 
assessingg peak pressure and pressure-time integral increased with a greater number of trials 
collected.. For the maximum 10 collected trials, the 95% confidence intervals of the ICC 
calculatedd for each foot region showed a large overlap between the uaree protocols 
indicatingg that no significant differences were present (Table 3), Acceptable reliability (ICC 
>> 0.85) was achieved in the 1-step protocol with 4 collected trials for peak pressure and 7 
collectedd trials for pressure-time integral. This was the case with 3 and 4 trials, respectively, 
usingg the 2-step protocol, and 4 and 5 trials, respectively, using the 3-step protocol. 

Discussion n 

Remarkablyy similar mean values and no significant differences in regional peak pressure 
andd pressure-time integral between any of the three step-protocols were present in case of 
100 repeated trials per protocol. These results reject hypothesis (a) and show that in 
neuropathicc diabetic patients a 1 -step or 2-step protocol can produce similar data compared 
withh a 3-step protocol, which we regarded representative of the 'gold standard' midgait 
method,, and, thus, of normal walking. The percentage differences for pressure-time integral 
inn the heel and midfoot regions were relatively large between the 1-step and 3-step 
protocolss (23%), presumably caused by differences in contact time in these regions. 
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Althoughh significantly different between the 1-step and 3-step protocols in the heel only, 

longerr contact times were generally found with fewer steps made before platform contact 

withh the foot. Because contact time is related to the speed of gait1;16, these trends can be 

explainedd by slight differences in walking speed between the three step-protocols, with 

higherr speeds generated using a longer approach. In support of this, the difference between 

protocolss for regional contact time reduced to a maximum 6% when normalized to total 

contactt time. 

Peakk Pressur e 

ll  1-step 
ll  2-step 

--  - Heel 3-Step 
tt  1-step 

—«-Midfoo tt  2-step 
-- »- Midfoo t 3-step 
-«—MTH11 1-step 

11 2-step 
-- - MTH1 3-step 

p p 
-o-MTH2-52-ste p p 
-- »  MTH2-5 3-step 
—e—— Hallu x 1-step 
—«-Hallu xx 2-step 
-- «- Hallux 3-step 

oo  Toes 1-step 
—o—— Toes 2-step 
-- o - Toes 3-step 

Numbe rr  of trial s 

Pressure-tim ee integra l 

—«—Heell  1-step 
ll  2-step 

-- - Heel 3-step 
—*—— Midfoo t 1-step 
-«-Mid foo tt  2-step 
-- *'  Midfoo t 3-step 

p p 
- " - M T H 11 2-step 
-- - MTH1 3-step 

55 1-step 
— e -- MTH2-5 2-step 

-- MTH2-53-step 
—«—Hallu xx 1-step 
-« -Ha l lu xx 2-step 
-- « - Hallu x 3-step 
—s—Toess 1-step 
—a——a—ToesToes  2-step 
-- o - Toes 3-step 

Numbe rr  of trial s 

Figuree 3. Intraclass correlation coefficients (ICC) for peak pressure (top) and pressure-time integral (bottom) expressed 

ass a function of the number of repeated trials collected for each step-protocol. 

Thee findings for peak pressure and pressure-time integral agree with several reports on non-

diabeticc subjects showing no significant differences for these variables using a 1-step or 2-

stepp protocol when compared with the midgait method.*11118 Peters et al.23 also found 
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differencess for peak pressure between a 1 -step and 3-step protocol to be non-significant, but 
theirr values for pressure-time integral were significantly higher in the 1-step protocol. In 
agreementt with Peters et al.23, Wearing et al.30 also showed pressure-time integral to be 
significantlyy higher in a 2-step protocol when compared with midgait. These discrepancies 
fromm our data are probably explained by the significantly longer contact times between 
protocolss measured in these studies. The present data contradict findings from other studies 
showingg significant 14-30% reductions in heel peak pressure using the 1-step or 2-step 
protocoll  when compared with the midgait method.21;22:25;30 Because walking speed is 
knownn to affect measured plantar pressures in the foot26, these discrepant results may be 
explainedd by differences in walking speed between subject groups - neuropathic patients 
walkk slower than healthy non-neuropathic subjects*14 - and between protocols - the 1-step 
andd midgait protocols represent the two extremes in generated speed at platform contact, 
whereass the speed differences between the 1-step, 2-step and 3-step methods are suggested 
too be smaller. Alternatively, the concept of first-step overreach may play a role.11 Because 
inn a 1-step protocol the distance to the platform is generally not standardized to, for 
example,, leg length, this protocol may have encouraged subjects to overreach in some 
studiess or to make small steps in others, affecting the magnitudes of plantar pressures 
measured. . 

Tablee 3.95% confidence Intervals of the fntracfass con-elation coefficients calculated for peak pressure and pressure-

timetime integral using 10 trials per step-protocol. 

Foott  region 

Heel l 

Midfoot t 

MTH 1 1 

MTH2- 5 5 

Hallux x 

Toes s 

1-stepp protocol 

0.94-0.99 9 

0.72-0.96 6 

0.90-0,98 8 

0.94-0.99 9 

0.96-0.99 9 

0.94-0.99 9 

Peakk Pressure 

2-stepp protocol 

0.95-0.99 9 

0.89-0.98 8 

0.89-0.98 8 

0.93-Ó.99 9 

0.95-0.99 9 

0.93-0.99 9 

3-stepp protocol 

0.96-0.99 9 

0.82-0.97 7 

0,94-0.99 9 

0.92-0.99 9 

0.96-0.99 9 

0.90-0.98 8 

Pressure-timee integral 

1-stepp protocol 

0.77-0.96 6 

0.85-0.98 8 

0,83-0.97 7 

0.95-0.99 9 

0.95-0.99 9 

0.94-0.99 9 

2-stepp protocol 

0.84-0.97 7 

0.91-0.99 9 

0.84-0.97 7 

00 93-0.99 

0.91-0.98 8 

0.944 -Q.99 

3-stepp protocol 

0.90-0.98 8 

0.68-0.98 8 

0.88-0.98 8 

0.93-0.99 9 

0.94-0.99 9 

0.93-0.99 9 

Thee high ICCs calculated for 10 repeated trials show mat each step-protocol is very reliable 
forr obtaining regional pressure data in neuropathic diabetic patiënte (Table 2). No 
significantt differences in ICCs existed between the three step-protocols. This implies that 
anyy of the three step-protocols can be used for collecting reproducible pressure data. These 
findingss reject hypothesis (b), which was based on the speculation that postural instability 
inn diabetic neuropathy would be more of an issue during gait initiation and would therefore 
increasee variability in the 1-step and 2-step protocols with respect to the 3-step protocol. In 
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explainingg this lack of difference, targeting of the platform, although strictly checked for, 
mayy have been more common with a longer approach to the platform.18;23 Subtle gait 
changess underlying this effort to contact the relatively small sensor surface area may have 
increasedd variability in plantar foot loading in the 3-step protocol*  compensating for the 
smallerr presumed effect of postural instability on gait variability using this protocol. 
Alternatively,, gait behavioral changes may play a role: as a compensatory response to the 
long-termm presence of postural instability, these neuropathic subjects may have adopted a 
moree conservative and stable gait pattern to feel more secure and to avoid risk of falling, 
inherentlyy reducing gait variability regardless of being in the initiation or steady-state phase 
off  gait.*14 

Thee results show that, in general, pressure data averaged from more than two trials is more 
reliablee and, thus, more representative of the true plantar pressure in a neuropathic diabetic 
patientt when compared with obtaining two trials. For reliable estimates of barefoot plantar 
pressuree (ICC > 0.85) in all foot regions, the 2-step method requires the least amount of 
repeatedd trials: 3 for peak pressure and 4 for pressure-time integral. In accordance with 
Harrisonn and Folland11 and Wearing et al.30, the lesser MTHs were generally found to be 
tiietiie most consistently measurable site in the foot, requiring only 2 trials for the 1-step and 2-
stepp methods and 3 trials for the 3-step method for acceptable reliability. The first MTH 
wass the least consistent region, requiring up to 7 trials for reliable pressure-time integral 
dataa in the 1 -step protocol. As Table 2 provides ICCs for each region of interest and each 
numberr of repeated trials for each step-protocol, this table may serve as reference in the 
designn of studies of barefoot plantar pressures in neuropathic diabetic patients if, at least, 
similarr pressure measurement equipment is used. 

Threee to five repeated walking trials have consistently been reported to be needed in order 
too obtain reliable pressure data in non-diabetic subjects.l2:l8:3D The present study shows a 
similarr number of 3-5 trials for reliable pressure data in diabetic patients with neuropathy. 
Thiss rejects hypothesis (c) and shows that factors such as postural instability in a group of 
patientss with severe loss of protective sensation (vibration perception threshold >35 Volts) 
doess not result in more variability in plantar loading and a higher number of necessary 
repeatedd trials than in non-diabetic volunteers. A compensatory gait response to postural 
instabilityy as discussed earlier may explain these findings. Alternatively, neuropathic 
patientss may not show increased variability because they do not vary their gait at a 
consciouss level in response to uncomfortable or painful internal or external stimuli.7 In fact, 
considerablee debate exists whether dynamic stability and gait variability are actually 
differentt between neuropathic diabetic patients and non-neuropathic diabetic patients or 
healthyy controls.5;9:I° Based on the high ICCs found, the present results may support the 
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notionn that this is not the case, although we did not include a control group in this study to 
testt this hypothesis. 

Twoo limitations of this study should be addressed. First, we regarded the 3-step protocol 
representativee of the 'gold standard' midgait protocol and used it as reference condition in 
thee study. However, whether neuropathic subjects reach steady-state walking within 3 
steps,, as healthy non-diabetic subjects dol7;20, and show no difference in plantar pressures 
betweenn the midgait and 3-step protocol, remains to be proven. Secondly, we did not assess 
performancee on vision in our neuropathic patients. Due to the long-term presence of 
diabetess in most patients, a significant percentage may have had impaired vision due to 
retinopathy.. This can affect postural instability27 and therefore may have affected 
variabilityy of walking across the pressure platform. 

Becausee the goal of barefoot plantar pressure studies is to obtain reliable and representative 
dataa from the tested subject, outliers or trials with obvious gait deviations are often 
discarded.. However, in case of neuropathic patients at risk for foot ulceration, the outlier 
mayy be, clinically considered, the most interesting data point, as it may be the event causing 
fracturee or trauma in the neuropathic foot. For research purposes, reproducible data will be 
requiredd when the goal is to establish relationships between peak pressures and other 
clinicall  outcomes. But, if evidence is provided in the future that a single or limited number 
off  barefoot steps can cause (pre-)ulceration (for example, walking barefoot in the bathroom 
att night) then the importance of die outlier becomes much more evident, which may alter 
thee way pressure data is collected in the diabetic neuropathic foot. Perhaps, in this respect, 
thee variability in peak pressure or pressure-time integral may prove to be an indicator of 
higherr risk in the diabetic neuropathic foot. 

Inn the present study, we discarded trials with obvious gait deviations. Although this is 
commonn practice in plantar pressure studies, these trials may have increased variability, 
resultingg in a lower calculated ICC and thus reduced reproducibility, in the neuropathic 
subjects.. Reproducibility studies on non-diabetic subjects have used the same 
approachU;18;l9,, so a comparison between these studies and ours remains possible. If, based 
onn the above discussion, the number of barefoot steps made by neuropathic patients needs 
too be further reduced in plantar pressure assessment, attention should be focused towards 
thee number of steps made after platform contact. We are currently investigating the effect 
off  different 'termination' protocols (1-step, 2-step, and 3-step) on plantar pressure, in the 
firstt instance using non-diabetic volunteers. 

Conclusions Conclusions 
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Whenn compared with the 3-step reference protocol, the 1-step and 2-step protocols are valid 
methodss for obtaining barefoot plantar pressure in the diabetic neuropathic foot. From each 
off  the three step-protocols, highly and similarly reproducible pressure data could be 
obtained.. Because the 2-step protocol requires the least amount of trials for obtaining 
reliablee estimates of peak pressure and pressure-time integral measured in the total foot, 
thiss protocol is recommended in the assessment of barefoot plantar pressure data in the 
diabeticc neuropathic foot when both these variables are of interest to the investigator. 
However,, when the focus of study is on particular foot regions or on peak pressure analysis 
only,, the 1 -step protocol may also be used. 
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Abstract t 

Elevatedd plantar foot pressures during gait in diabetic patients with neuropathy have been 
suggestedd to result, among other factors, from the distal displacement of sub-metatarsal 
headd (MTU) fat-pad cushions caused by claw/hammer toe deformity. The purpose of this 
studyy was to quantitatively assess these associations. 

Thirteenn neuropathic diabetic subjects with claw/hammer toe deformity, and 13 age- and 
gender-matchedd neuropathic diabetic controls without deformity, were examined. Dynamic 
barefoott plantar pressures were measured with an EMED pressure platform. Peak pressure 
andd force-time integral for each of 11 foot regions were calculated. Degree of toe deformity 
andd the ratio of sub-MTH to sub-phalangeal fat-pad thickness (indicating fat-pad 
displacement)) were measured from sagittal plane magnetic resonance images óf the foot. 

Peakk pressures at the MTHs were significantly higher in the patients with toe deformity 
(meann 626 [SD 260] kPa) when compared with controls (mean 363 [SD 115] kPa, P < 
0.005),, MTH peak pressure was significantly correlated with degree of toe deformity (r = 
-0.74)) and with fat-pad displacement (r = -0.71) (P < 0.001). The ratio of force-time 
integrall  in the toes and in the MTHs (toe-loading index) was significantly lower in the 
groupp with deformity. 

Thesee results show mat claw/hammer toe deformity is associated with a distal-to-proximal 
transferr of load in the forefoot and elevated plantar pressures at the MTHs in neuropathic 
diabeticc patients. Distal displacement of the plantar fat pad is suggested to be the 
underlyingg mechanism in this association. These conditions increase the risk for plantar 
ulcerationn in these patients. 
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Introductio n n 

Itt has been well documented that the mechanical pressures applied to the plantar surface of 
thee foot during gait are elevated in patients with diabetes melHtus and peripheral 
neuropathy.100 These excessive pressures in feet that lack protective sensation are a major 
riskk factor for plantar ulceration32, which is the most common precursor to lower-extremity 
amputationn among persons with diabetes.39 Foot deformity is an important factor explaining 
whyy plantar pressures are increased in neuropathic feet: prominent metatarsal heads 
(MTHs),, callus formation, limited joint mobility, Charcot deformity, and partial foot 
amputationn have all been associated with increased levels of plantar pressure,3"* 16133 

Forr many years, clawing or hammering of the toes, which is a common deformity in the 
diabeticc population17'30, has been another factor suggested to cause elevated plantar 
pressuress in the forefoot. The mechanism behind this relationship would be that 
hyperextensiónn of the metatarsal-phalangeal (MTP) joint, characteristic of claw/hammer toe 
deformity,, causes the protective and shock-absorbent sab-MTH fat-pad cushions to displace 
distallyy in the foot, exposing the MTHs to more focal and increased dynamic plantar 
pressures,*1*2*31 1 

Surprisingly,, quantitative evaluations of these associations are scant in the literature. 
Recently,, Mueller et al,26 showed that the degree of MTP joint extension was significantly 
correlatedd with MTH plantar  pressure in «hHiabetic neuropathic foot. MassT et «1» 
foundd half of their studied diabetic patiënte with claw toe deformity to have abnormally 
highh plantar pressures. However, both these studies did not identify the meehanism by 
whichh toe deformity was related to increased pressure levels. Abouesha et al.2 found sub-
MTHH tissue thickness to be significantly inversely correlated to peak pressure at the central 
MTHss in neuropathic diabetic patients, but did not report on the role that toe deformity may 
havee played in this association. 

Withh the use of magnetic resonance imaging (MRI), we recently provided evidence for the 
presencee of distal fat-pad displacement in neuropathic feet with claw/hammer toe deformity 
andd suggested that, as a result, plantar pressures in these feet are elevated.13 (chapter  5) 
Therefore,, the purpose of this study was to compare plantar foot pressures between 
neuropathicc diabetic patients with claw/hammer toe deformity and similar patients without 
deformityy and to determine the underlying mechanism in a possible association between toe 
deformityy and elevated plantar pressure. We hypothesized that plantar pressures at the 
MTHss are significantly higher in neuropathic subjects with toe deformity when compared 
withh subjects without deformity and that changes in plantar fat-pad geometry play a 
contributingg role in these differences. 
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Methods s 

Subjects Subjects 

Thirteenn diabetic subjects (eight men, five women) with distal symmetric sensory 
neuropathyy and MTP joint hyperextension deformity (experimental group) and 13 age- and 
gender-matchedd diabetic subjects with neuropathy and normally aligned toes (control 
group)) were examined. Subjects in the experimental group were selected based on 
deformityy present in the second or third ray of the foot while non-weight bearing. The 
presencee of deformity was assessed subjectively and confirmed by MRI evaluation as 
describedd below. One foot of each subject was selected for data collection. This foot was 
randomlyy assigned if not excluded by the criteria mentioned below. The presence of 
neuropathyy was confirmed by the inability to feel the pressure of a 10-grams monofilament 
att one or more of six plantar foot sites and by an abnormal vibration perception threshold 
measuredd according to standard methods on the dorsal surface of the hallux using a 
Biothesiometerr (Bio-Medical Instrument Company, Newbury, OH).7;28 Baseline subject 
characteristicss are summarized in Table 1. 

Tablee 1. Baseline patient characteristics. 

Variable e 

Agee (years) 

Heightt (m) 

Weightt (kg) 

Bodyy mass index (kg/m2) 

Diabetess duration (years) 

HbA1cc (%) 

Historyy of ulceration (n) 

Neuropathyy duration (years)* 

Vibrationn perception threshold (Volte) 

Foott studied (UR) 

Selectedd toe (2/3) 

Toee angle (degrees) 

Experimentall group (n = 13) 

56.33 (8.6) 

1.77(0.10) ) 

85.55 (14.6) 

27.22 (2.9) 

32.8(12.0) ) 

7.8(1.1) ) 

3 3 

12.44 (5.3) 

33.5(12.2) ) 

6/7 7 

9/4 4 

-24.77 (9.7) 

Controll group (n= 13) 

57.22 (6.5) 

1.74(0.06) ) 

79.55 (10.3) 

26.44 (4.1) 

31.11 (12.8) 

8.00 (0.9) 

2 2 

11.6(7.6) ) 

36.2(10.6) ) 

6/7 7 

9/4 4 

-1.8(6.6)c c 

Dataa are means (SD) or numbers (n). *As derived from medical records or, when absent estimated by the patient 

basedd on the first appearance of neuropathic symptoms. None of the previous ulcers were located in the MTH region. 

ee P<0.001 vs. Experimental group. 
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Thee exclusion criteria were: 1) foot deformities other than claw/hammer toes that affect 
MTHH plantar pressure: limited joint mobility, lower-extremity amputation, and Charcot 
neuro-osteoarthropathy.4;5;,6;333 Absence of limited joint mobility was indicated by a lack of 
significantt resistance while moving the hallux through a full range of MTP joint extension 
andd flexion. The absence of Charcot arthropathy was confirmed by MRI evaluation25; 2) 
significantt peripheral vascular disease defined by absent dorsalis pedis or tibialis posterior 
arteriall  pulses combined with an ankle-brachial systolic blood pressure index <0.75 or toe 
pressuress <50 mmHg; 3) age <40 and >65 years; 4) neuropathic syndromes other than distal 
symmetricc neuropathy associated with diabetes; 5) significant musculoskeletal problems in 
thee lower extremities, including injury, fracture, and previous surgery; 6) rheumatoid 
arthritis;; 7) current ulceration in either foot or edema in the examined foot; 8) inability to 
walkk unaided; and 9) conditions precluding MRI. All subjects signed a written informed 
consentt form prior to participation in the study, which was approved by the medical ethics 
committeee of the Academic Medical Center of the University of Amsterdam 

Procedures Procedures 

Dynamicc barefoot plantar pressures were measured using an EMED-NT pressure platform 
(Novel,, Munchen, Germany) which consists of capacitance-based sensors in a spatial 
resolutionn of two sensors per cm2 that were sampled at 70 Hz. Five trials at the subjects' 
ownn pace using a 'two-step' gait approach to the platform (chapter  6) were collected. 
Abundantt amounts of callus were removed from the foot just prior to data collection.3^3 

Subjectss were instructed to walk across the platform in a normal manner. Trials in which 
thee subject did not hit the platform with the entire foot, targeted for the platform, or 
substantiallyy altered gait or speed, as judged by the investigator, were not saved for 
analysis.. The pressure date was analyzed with Novel-Ortho and Novel-Win software. 
Automatedd masking divided the foot into 11 anatomically referenced regions: a heel, 
midfoot,, five MTH regions, and four toe regions (Figure 1, see Appendix, p. 181). For each 
region,, peak pressure, pressure-time integral, normalized force-time integral, and contact 
areaa was calculated and the average from the five walking trials was used for further 
analysis.. Pressure-time integral of a region is defined as the integral of pressure over time 
measuredd in the single sensor within that region showing the peak pressure. Force-time 
integrall  of a region is defined as the integral of force over time measured in all sensors 
withinn that region. The main variables of interest were peak pressure and pressure-time 
integrall  at the MTHs and toe regions of the selected ray of interest (second or third ray). A 
'toe-loading**  index was calculated, similar to previously described methods9, and defined 
byy the ratio of force-time integral in the lesser toes and in the lesser MTH regions (second 
too fifth ray). This index was used to determine the relative use of toes and MTHs for 
propulsionn during stance. Due to the 'cocked-up' position of the toes when they are clawed 
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orr hammered, we expected less contact with the ground during propulsion in the 
experimentall  group. Therefore, contact area at the lesser toe regions was also a variable of 
interest. . 

Detailss of MRI data collection are reported elsewhere.i3;22 (chapter  5) In short, at 1.5 
Tesla,, high-resolution (512x512 pixels) Tl-weighted sagittal plane spin-echo images of the 
foott were acquired between the first and fifth MTHs with the subject non-weight bearing 
(seee Figure 2 for two example images, Appendix, p. 182). From these images, the degree of 
toee deformity was measured and defined by the angle between a line parallel to the sole of 
thee forefoot and the bisector of the proximal phalanx. This angle was named the 'toe angle' 
withh a negative value denoting extension (dorsiflexion). All subjects in the experimental 
groupp had a toe-extension angle more than two standard deviations larger than the average 
toee angle in the control group (i.e., >13 degrees). The MR images were also used to 
measuree fat-pad thickness plantar to the MTH (sub-MTH) and the proximal phalanx (sub-
phalangeal),, both at three proximal-to-distal locations.13 (chapter  5) The average outcome 
off  the three measures per site was used for further analysis. The ratio of sub-MTH to sub-
phalangeall  fat-pad thickness (named 'thickness ratio') was used to indicate fat-pad 
displacement.. Comparisons between the neuropathic subject groups for these dependent 
variabless are reported in detail in a companion study.13 (chapter  5) Here, we suffice with 
reportingg the values for sub-MTH fat-pad thickness and thickness ratio for the 13 cases per 
groupp and focus mainly on the association between these measures of fat-pad geometry and 
barefoott plantar pressure. 

Althoughh several subjects had more than one deformed toe in the examined foot, only one 
wass chosen for statistical analysis because of the expected dependence of plantar pressures 
acrosss the individual MTH regions. The second toe was chosen unless this toe was not 
deformed,, in which case the third toe was included (Table 1). All statistical analyses were 
performedd using SPSS (SPSS, Chicago, IL). For all dependent variables, the data were 
normallyy distributed. Independent t-tests assessed for statistical significance between the 
twoo subject groups. Pearsons correlation coefficients were calculated between selected 
variabless of interest in the pooled group of 26 neuropathic subjects. A significance level of 
PP < 0.05 was used for all analyses. 

Results s 

Att the selected MTH region (second or third ray), peak pressure was 1.7 times higher in the 
experimentall  group when compared with the control group (P < 0.005, Table 2). Similarly, 
pressure-timee integral was a same order of magnitude higher in the subjects with toe 
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deformityy (P < 0.005). Figure 2 (see Appendix, p. 182) shows an example of the 
comparisonn of pressures in two matched subjects. In 11 of 13 subjects with deformity, peak 
pressuree and pressure-time integral at the selected MTH region were significantly higher 
thann in their matched controls. At the selected toe region (second or third toe), peak 
pressuree and pressure-time integral were lower in the experimental group but these 
differencess were not significant (P > 0.1). 

Tablee 2. Plantar pressure and plantar fat-pad geometry data. 

Variable e Experimentall group (n = 13) Controll group (n = 13) 

Peakk pressure (kPa) 

Selectedd MTH 

Selectedd toe region 

Pressure-timee integral (kPa-s) 

Selectedd MTH 

Selectedd toe region 

Force-timee integral (N-s/kg)* 

Lesserr MTHs (2-5) 

Lesserr toes (2-5) 

Toee loadtog index 

Contactt area lesser toes (cm') 

Sub-MTHH fat-pad thickness (mm) 

Thicknesss ratio 

6211 (252) 

1088 (72) 

.35.7(111.2) ) 

3366 (25.4) 

3.055 (0.51) 

0.122 (0.06) 

1.038(0.019) ) 

8.2(1,9) ) 

2.4(1.4) ) 

0.27(0.15) ) 

363(115)" " 

1444 (76) 

129.99 (38.5)" 

36.00 (25.2) 

2.666 (0.68) 

0,188 (0.Ó8)8 

0.0722 (0.030) 

12.11 (1.5)c 

6.4(1.5)' ' 

0,81(0.13)c c 

Dataa are means (SD). *Force-time integrals are normalized with respect to body weight. 

'P<'P< 0.05,b P < 0.005,c P < 0.001 vs. Experimental group. 

AA comparison of peak pressure and pressure-time integral values between the groups for all 
111 anatomical regions in the foot showed significantly higher values in the experimental 
groupp for the central MTHs (MTH 2-4) only; in the other regions off  the foot no significant 
differencess between the groups were found. The highest peak pressure in the foot was 
presentt within the central MTHs in nine experimental subjects, compared with only two 
controls. . 

Contactt area for all individual toe regions and all lesser toes grouped was significantly 
smallerr in the experimental group when compared with controls (Table 2, P < 0.001). No 
significantt differences in contact area were present in the other foot regions. 

115 5 



ChapterChapter 7 

Inn all lesser toes grouped, force-time integral was significantly lower in the experimental 

groupp (P < 0.05). Force-time integral in the lesser MTHs was 15% larger in the 

experimentall  group than in the control group, but this difference was not significant (P = 

0.1).. The toe-loading index was significantly lower in the experimental group (P < 0.005). 

Sub-MTHH fat pads were significantly thinner and thickness ratio was significantly smaller 

inn the experimental group when compared with controls (P < 0.001, Table 2), indicating 

fat-padd displacement, as was reported in detail elsewhere.13 (chapter  5) MTH peak 

pressuree was significantly inversely correlated with toe angle (r = -0.74, P < 0.001, Figure 

3A).. Thus, more deformity was associated with higher peak pressures. Additionally, sub-

MTHH fat-pad thickness (r = -0.71) and thickness ratio (r = -0.71) were also significantly 

correlatedd with MTH peak pressure (P < 0.001, Figures 3B and 3C). 

a.a. 1000 

|| 800 

££ 600 

Hi Hi 
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Figuree 3. Scatter plots for the association between 

MTHH peak pressure and (A) toe angle, (B) sub-MTH 

fat-padd thickness, and (C) thickness ratio for the 

experimentall (closed squares) and control (closed 

triangles)) groups. Linear regression lines and Rz 

valuess are provided for the pooled data of 26 subjects. 

Thicknesss ratio 

Discussion n 

Thee results clearly show that claw/hammer toe deformity is associated with significantly 

higherr peak pressure and pressure-time integral at the MTHs in the neuropathic feet 

studied.. Peak pressure was 1.7 times and pressure-time integral was 1.8 times higher in the 

subjectss with deformity when compared with subjects without deformity. The degree of toe 

deformityy (toe angle) explained 54% of the variance in peak pressure at this site, which 
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demonstratess that toe deformity is a strong contributor to elevated plantar pressure in this 
groupp of subjects. 

Thee present findings confirm recent reports from Mueller et al.26, who found a significant 
associationn between MTP joint angle and MTH peak pressure in a group of 20 neuropathic 
diabeticc patients, and Abouaesha et al.2, who found a significant inverse correlation 
betweenn sub-MTH soft-tissue thickness and peak pressure in 157 neuropathic diabetic 
patients.. Additionally, Ahroni et al.3, in a large cohort of 517 diabetic patients, showed 
thosee with elaw/hammer toe deformity or prominent MTHs to have significantly higher 
MTHH peak pressures measured inside the shoe than those without The present results 
extendd these reported findings by showing a significant association between thickness ratio, 
ass indicator for fat-pad displacement, and MTH peak pressures (r = -0.71). Based on this 
finding,finding, and earlier findings in the same subject sample that toe deformity is strongly 
associatedd with fat-pad displacement.13 (chapter  5), we suggest that the primary factor in 
explainingg the association between claw/hammer toe deformity and elevated plantar 
pressuree is the distal displacement of fat-pad cushions causing reduced fat-pad thickness 
underneathh the MTHs. 

Thee clinical importance of studying the biomechanics of claw/hammer toe deformity in 
neuropathicc diabetic patients has been demonstrated by several prospective population-
basedd studies which showed that this structural abnormality is a significant independent 
predictorr of plantar ulceration in these subjects.1111 Moreover, Lavery et al.21 found that 
78%% of patients with plantar forefoot ulcers had a rigid forefoot deformity, which included 
claw/hammerr toes, that was directly associated with the site of ulceration. The present 
findingsfindings illustrate the mechanism by which toe deformity and ulceration may be related and 
suggestt that neuropathic subjects with deformity are at increased risk for ulcer 
development,, even though a threshold of barefoot plantar pressure above which ulceration 
occurss has not been clearly identified.6^1 The first MTH and hallux are the most common 
sitess for abnormally high pressures and plantar ulcers to occur in the neuropathic foot.4 In 
thee present study, the second and third MTHs were the most common sites for the highest 
peakk pressure, which provides further support for the clinical significance of lesser toe 
deformityy in these patients. 

Thee reported correlation coefficients between structural forefoot abnormalities and MTH 
plantarr pressure vary from 0.42 to 0.62.2;3;26;34 Moreover, multiple factor regression 
analysess reveal that up to about 50% of the variance in MTH peak pressure in the diabetic 
neuropathicc foot can be explained.26;34 The correlation values in the present study varied 
fromfrom -Ö.71 to -0.74 with R2 values of 50-54%. To date, these are the highest numbers 
reportedd for single predictors of peak pressure. Still, about half of the variance in peak 
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pressuree remains unexplained and several factors may be related to this outcome. Soft-

tissuee properties, such as stiffness, have been shown to be altered in diabetic feet ; less 

compliantt tissue transmits more load to the MTHs, presumably leading to a more localized 

concentrationn of stress. Furthermore, the addition of dynamic factors in the model, such as 

fat-padd thickness assessment under dynamic weight-bearing conditions, walking speed, or 

kinematicss of gait, is likely to further improve the prediction of peak plantar pressure.14 

Figuree 4. Schematic diagram showing the 'exchange' of fat tissue and plantar pressure in the forefoot. While the fat-

padd cushion migrates distally, the plantar pressure 'transfers' proximally in the forefoot in patients with claw/hammer 

toee deformity. 

Thee main function of the toes in gait is to contact the surface and exert sufficient pressure to 

obtainn a fixed point from which the body can be propelled.19 This way, the toes help to 

relievee the MTHs from bearing weight through the distal transfer of load in the final stage 

beforebefore push-off. The toes in the neuropathic subjects with deformity have become less 

functionall  by showing a significantly reduced contact area and force-time integral when 

comparedd with the toes of the controls. With less functional toes, the MTHs bear an 

increasedd amount of weight during propulsion as evidenced by the significant reduction in 

thee toe-loading index found in the patients with deformity. These findings confirm early 

suggestionss by Boulton et al.9 that the presence of claw/hammer toes may be responsible 

forr a lower toe-loading ratio found in diabetic subjects compared with healthy controls. 

Thus,, while the fat pad migrates distally in the foot13 (chapter  5), the load 'migrates' 

proximallyproximally in the foot, a process that we call the 'fat pad - plantar pressure exchange 

principal'' (Figure 4). 
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AA limitation of the present study may be that the cross-sectional design does not allow 
cause-and-effectt relationships to be established. High levels of plantar pressure at the MTH 
mayy lead to pressure necrosis and fibrotic atrophy, with possible thinning, of sub-MTH tat 
tissue,1*188 but it is unlikely that they cause toe deformity. More likely, the actual sequence 
off  events starts with toe deformity leading to fat-pad displacement, exposing the MTH to 
increasedd pressures, as the theory promulgates.^l5;24;31 The strong correlations found in the 
presentt study together with clinical observations by Bojsen-Moller8 support this conclusion. 
Prospectivee studies on mis association are difficult to perform because öf the unknown 
naturall  history of claw/hammer toe deformity - in some patients it may take decades for 
deformityy to develop - and the possibility that over time other deformities may develop 
whichh can affect the plantar pressures measured. Our 'model' of comparing similar subjects 
thatt differ primarily on one variable of interest (i,e., presence or absence of claw/hammer 
toee deformity) was therefore regarded as the best way to examine the association between 
structurall  abnormalities in the foot and dynamic plantar pressure distribution. 

Thiss is the first diabetic foot study in which dynamic barefoot plantar pressure 
measurementss are combined with MRI for evaluating the association between structural 
changess in the foot and altered gait biomechanics. The results show that MRI may have 
greatt potential in diagnosing the at-risk diabetic neuropathic foot, as it does for the 
neuropathicc foot in leprosy.23 Since these assessments were done non-weight bearing they 
doo not involve the fabrication and use of special equipment needed to image the foot under 
(quasi)) weight-bearing conditions. However, MRI in combination with pressure 
measurementss is not cost-effective in the management of most neuropathic diabetic patients 
withh foot deformity, but may be useful for patients with recurrent or non-healing ulcers by 
providingg insight in the possible mechanism underlying these chronic conditions, and 
assistingg in the design of effective treatment modalities. Moreover, illustrative foot images 
andd plantar pressure graphs of feet at high risk for ulceration may serve an important 
educationall  purpose towards better patient compliance.27 

Inn conclusion, this study provides quantitative data in support of the long-held belief that 
claw/hammerr toe deformity is associated with elevated plantar pressures in diabetic patients 
withh neuropathy and suggests that distal displacement of the sub-MTH fat-pad cushion is 
thee mechanistic link in this association. The findings contribute to the improvement of our 
fundamentall  understanding of the pathogenesis of plantar foot ulceration and, as such, are 
usefull  in the diagnosis of the at-risk diabetic patient. Moreover, they emphasize the 
importancee of advancing interventions to accommodate or correct these foot abnormalities 
or,, preferably, prevent them from occurring with the aim of reducing plantar pressures and 
thee risk of ulceration. 
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Abstract t 

Althoughh custom-made insoles (CMIs) are commonly prescribed to diabetic patients with 
neuropathyy and foot deformity, little quantitative data on their mechanical action exists. 
Thee objective was to study the effects of CMIs on in-shoe plantar pressure and load 
distributionn in diabetic patients with neuropathy and foot deformity. 

Regionall  in-shoe peak pressures and force-time integrals were measured in the feet of 20 
neuropathicc diabetic patients with foot deformity who wore flat insoles and CMIs. Twenty-
onee feet with elevated barefoot peak pressure or historyy of ulcer at the first metatarsal head 
(MTH1)) were selected for analysis. Load redistribution between anatomical regions due to 
CMII  action was assessed using a new load transfer algorithm. 

In-shoee peak pressures and force-time integrals were significantly reduced by CMIs in the 
heell  and MTH1 regions and increased in the medial midfoot region compared with flat 
insoles.. CMIs were successful in reducing peak pressure and force-time integral at MTH1 
inn seven of 21 feet, were moderately successful in another seven feet, but failed in the 
remainingg seven. The largest transfer of load occurred from the lateral heel to the medial 
midfoott region. 

CMIss were more effective than flat insoles in offloading MTH1 but (here was considerable 
variabilityy between individuals. The largest offloading occurred in the heel, which is not a 
regionn typically at risk for plantar ulceration. The load transfer algorithm is an effective tool 
too examine CMI action. 

Becausee similar insole modifications apparently exert different effects in different patients, 
aa comprehensive evaluation of custom designs using in-shoe pressure measurement should 
ideallyy be conducted before dispensing insoles to diabetic patients with neuropathy and foot 
deformity. . 
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Introductio n n 

Custom-madee insoles (CMIs) are routinely used in clinical foot care settings for diabetic 
patientss with neuropathy and foot deformity. The success of such insoles and the associated 
footwearr is primarily evaluated based on whether the patient remains free of ulceration 
whilee wearing the footwear and insoles. Elevated barefoot plantar pressure has long been 
associatedd with plantar ulceration.3114 Therefore, one of the major goals of any footwear 
interventionn must be to protect the foot at sites that are at risk for plantar ulceration or re-
uleerationn by reducing pressure to a level below some (currently unknown) threshold for 
ulceration. . 

CMIss are prescribed primarily, if not exclusively, to protect the plantar surface of thé foot. 
However,, little quantitative data is available on if and how CMIs achieve their action. 
Amongg the putative methods that nave been discussed is the redistribution of load to 
adjacentt foot regions through accommodative molding - the 'total contact' concept - and 
thee incorporation of additional 'reliefs*  or, conversely, elevated contact surfaces such as 
mediall  arch supports and metatarsal pads, which go beyond merely providing a mirror 
imagee of the plantar contour.4;7;9 

Severall  authors have reported successful relief of dynamic plantar pressures and load at the 
metatarsall  heads (MTHs), a plantar region where ulcers commonly occur.l;5'10"12 However, 
otherss have found no significant offloading effects of molded insole interventions.2*13 The 
discrepantt results from these various studies are likely a function of different approaches to 
insolee manufacture, subject selection, and experimental procedure. 

Thee lack of a standard and comprehensive method of pressure and load analysis in these 
studiess has prevented a better understanding of the mechanisms by which insole 
modificationss act to relieve pressure and redistribute load under the foot. One of the 
methodss by which this relief can be achieved is through comparison of the load distribution 
patternss from a CMI and some controlled condition, such as a flat insole, worn sequentially 
bothh on the same foot and in the same shoe, from which toad transfer analysis can be 
performedd Therefore, the purpose of the present study was to compare the mechanical 
behaviorr at the foot-insole interface of CMIs and flat insoles in diabetic patients with 
neuropathyy and foot deformity and to use this comparison to define a calculation method 
forr assessing load redistribution. 

Methods s 
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Subjects Subjects 

Twentyy diabetic patients with neuropathy and foot deformity (13 men, 7 women), recruited 
fromm a specialist diabetic foot clinic, participated in the study after giving informed consent. 
Thee mean (SD) age, height, and weight of the subjects were 64.4 (11.2) years, 1.73 (0.10) 
m,, and 99.5 (15,7) kg, respectively. Neuropathy was confirmed by a loss of protective 
sensationn on the plantar surface of the foot, as determined by the inability to feel the 10-g 
Semmes-Weinsteinn monofilament on the hallux of both feet. All subjects normally wore 
somee form of prescription footwear. 

Twelvee subjects had prior plantar ulcers (8 unilateral, 4 bilateral). At the time of the 
experiment,, all these subjects had remained healed for at least 3 months while wearing their 
prescriptionn footwear. Foot deformity, which was a criterion for participation, was assessed 
subjectively.. Among the deformities present were claw toes, hammer toes, hallux abducto 
valgus,, limited joint mobility at the first metatarsal-phalangeal joint, forefoot/rearfoot varus 
orr valgus, prominent MTHs, midfoot Charcot neuro-arthropathy, and amputation of the 
töès.. Subjects also had to be able to walk independently with only minor assistance, in case 
off  balance problems. All procedures were approved by the Institutional Review Board of 
thee Pennsylvania State University, where the work was conducted. 

Procedures Procedures 

Bothh barefoot and in-shoe plantar pressures were measured during level walking. A Novel 
EMED-SFF pressure platform (Novel USA, Minneapolis, MN), consisting of 1984 
capacitance-basedd sensors, each with an area of 0.5 cm2, was sampled at 70 Hz to collect 
dynamicc barefoot plantar pressures during five barefoot left and right foot contacts using a 
first-stepp collection method. The platform had been recently calibrated over a range of 0-
13000 kPa. 

Thee Novel Pedar system was used to measure in-shoe dynamic pressures. This system 
comprisedd 2-mm thick flexible pressure-sensing insoles that were connected by a 10-m 
longg trailing cable to a computer. The pressure-sensing insoles, each consisting of 
approximatelyy 100 capacitance-based sensors sampling at 50 Hz, were placed between the 
sockk and the insole of the shoe. Directly prior to the experiment, the Pedar insoles used for 
aa particular subject were calibrated over a range of 0-600 kPa, according to the guidelines 
providedd by the manufacturer. Four different Pedar insole sizes were used to accommodate 
thee range of foot sizes in the group. On average, 30 steps for each insole condition were 
recordedd from three trials, with the subject walking within % of a comfortable speed 
establishedd prior to data collection using photocells placed along a 9-m walkway. No 
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correctionn was made to allow for differences in sensor dimensions between in-shoe and 

barefoott pressure systems. 

TwoTwo different types of insoles that are frequently prescribed in diabetic foot practice were 
testedd in each subject. The first was a standard 0.95-cm thick flat insole (Figure 1 A) made 
off  PPT® (Langer, Inc., Deer Park, NY), a soft, durable, non-moldable, open-cell 
polyurethanee foam. The second was a CMI (Figure IB) manufactured from open-cell 
urethanee foams of hardness 60-80, assessed using an ASTM type 00 tester. Each CMI was 
specificallyy fabricated for this project by a CAD-CAM process in which the barefoot 
plantarr pressure data, footprints and tracings of the subject's feet were sent to a trained 
orthopedicc shoemaker via the Internet. No designated areas of interest were communicated 
too the shoemaker. No specific algorithm was used in the design of the CMIs. Rather, the 
skilll  and experience of the shoemaker were exploited to produce a CMI that was typical of 
aa device that might be produced in a clinical setting. It is recognized that CMIs are often 
manufacturedd based on a negative mould of the foot, a technique not employed here. 

Thee main offloading techniques used for the CMIs were the removal of material under 

high-pressuree areas and the build-up of material at other locations by the provision of what 
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wass effectively a metatarsal pad and a medial longitudinal arch support built into the insole, 
suchh as might be accomplished by making a mould of the foot. Substantial 'heel cups' were 
alsoo a feature of the CMIs. A digital representation of a typical CMI is shown in Figure 1C. 
Oncee the design was complete, the CMI was fabricated by a numerically controlled milling 
machinee from a homogeneous block of urethane foam, A 0.7-mm top cover and a 2-mm 
basee were subsequently added. Both insoles were tested in the same super-depth shoe (PW 
Minorr & Son, Batavia, NY) with the subject wearing thin seamless nylon socks. 

Thee pressure data were analyzed using Novel-Win, Novel-Ortho and Pedar mobile software 
(Novell  USA). Using the 'Automask' and 'Create a Mask' programs for the barefoot and in-
shoee pressure data, respectively, the foot was divided into 10 anatomical regions: medial 
andd lateral heel, medial and lateral midfoot, first, second and lateral MTHs, hallux, second 
toee and lateral toes (Figure 2A and 2B, see Appendix, p. 183).* 

Forr each region, peak pressure and force-time integral were calculated. The force-time 
integrall  is a measure of the force impulse or the load applied to the foot in a given region. 
(Thee descriptors 'load' and 'force-time integral' are used interchangeably throughout this 
article.)) The peak pressure within a region was defined as the maximum pressure recorded 
byy any sensor, even partly loaded, in the region during the stance phase of the walking 
cycle.. The force-time integral for a region was defined as the total sum of pressure 
multipliedd by sensor area and sensor contact time of all sensors encapsulated by the region. 
Becausee the force-time integral value depends on the regional surface contact area, a single 
maskk was created and superimposed on all single-step pressure pictures from both flat 
insolee and CMI conditions for a given subject so that a valid comparison between the two 
insoless could be made. 

Twenty-onee of the 40 feet in which MTH1 was the region of interest were selected. MTH1 
wass chosen as the region of interest because it was the most common region for prior ulcers 
(6/199 ulcers) and/or high barefoot pressures (>700 kPa, 19/40 feet) to occur. These 21 feet 
(fromm 14 different subjects) were analyzed as a group and individually. The suecess of each 
CMII  in offloading MTH1 in comparison with the flat insole was based primarily on 
changess in peak pressure - because this parameter has been associated with plantar 
ulcerationn - and secondarily on changes in force-time integral. The CMI was considered 
successfull  when both peak pressure and force-time integral at MTH1 were significantly 
reduced,, moderately successful when only peak pressure was significantly reduced without 
changee in force-time integral, and a failure when no significant reduction occurred in peak 
pressure,, irrespective of the effect on force-time integral. 
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Althoughh one of the clinical objectives of therapeutic footwear is to reduce peak pressure at 
aa given site, the mechanical strategy to achieve this reduction is, most frequently, transfer 
off  load from one region to another. For example, a CMI with a very high medial arch 
supportt may transfer load from the forefoot to the midfoot compared with a flat insole. 
Althoughh the regional impulse or load may change, the total impulse on different insoles 
doess not change if the gait remains the same. Thus, the integral of the force-time curves in 
thee same anatomical regions in two different insoles can be directly compared to determine 
thee transfer of load from one region to another that has been achieved by a given insole. 

Inter-regionall  load transfer or redistribution was assessed quantitatively in the 21 selected 
feett using a new load transfer algorithm (LTA). The basic principle used in the calculations 
iss that transfer of load takes place from a region where load is reduced by the CMI to a 
regionn where load is increased in comparison to loads of the flat insole. However, certain 
'rules'' for this calculation are required, since the 10 regions are an under-determined 
systemm for which more man one solution is possible. Details of the algorithm used are 
presentedd in Appendix A (p. 139). 

StatisticalStatistical analysis 

Thee data were analyzed statistically with univariate analysis of variance using SPSS (SPSS, 
Chicago,, 1L). For the analysis of the group average data, 'insole condition' was the fixed 
factorr and 'subject' the random factor in the model. Bonferroni adjustments (significance 
levell  of 0.05 divided by number of comparisons) were used for the multiple comparisons 
made.. For the analysis of the individual data, 'insole condition' was the fixed factor and 
'trial'' was the random factor in the model (P < 0,05). Pearson correlation coefficients were 
calculatedd between selected variables of interest (P < 0.05). 

Results s 

Thee mean (SP) walking speed with both flat insoles and CMIs was 0.83 (0.31) m/s. The 
meann absolute intra-subject difference in walking speed between the two insole conditions 
wass 1.6% (range 0 - 4.7%). 

Meann peak pressure was significantly lower in the CMIs than in thé flat insoles in the 
mediall  and lateral heel and MTH1 region. In the medial midfoot and lateral toes, peak 
pressuree was significantly higher with CMIs. In the other foot regions, no significant 
differencess between the conditions existed (Table 1). Total force-time integral was slightly, 
butt not significantly, lower for the CMIs than for the fiat insoles. Force-time integral in the 
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CMIss was significantly lower in the lateral heel, MTH1, and lateral MTHs. In the medial 
midfoot,, force-time integral was substantially larger by 154% in the CMIs (P < 0.05). No 
differencess in force-time integral were present between the insoles for the other foot regions 
(Tablee 1). 

Tablee 1. Mean (SD) values of barefoot and in-shoe peak pressures and in-shoe force-time integrals for 21 feet in which 

MTH11 was the region of interest 

Region n 

Mediall heel 

Laterall heel 

Mediall midfoot 

Laterall midfoot 

MTH1 1 

MTH2 2 

Laterall MTHs 

Hallux x 

Toe2 2 

Laterall toes 

Total l 

Peakk pressure (kPa) 

Barefoot t 

4144 (222) 

3188 (105) 

677 (51) 

1744 (182) 

9111 (217) 

534(268) ) 

465(241) ) 

4855 (383) 

156(161) ) 

1400 (103) 

CMM I 

1899 (45) 

1866 (42) 

118(23) ) 

1211 (25) 

255(81) ) 

1833 (35) 

1533 (28) 

2011 (83) 

130(54) ) 

120(47) ) 

Flatt insole 

2399 (71)" 

2455 (73)ta 

900 (28)b 

113(33) ) 

302(109)b b 

190(58) ) 

145(44) ) 

197(91) ) 

110(38) ) 

966 (42)b 

Force-time e 

CMI I 

86,66 (29.3) 

101.4(30.9) ) 

65.0(33.5) ) 

76.33 (46.7) 

82.77 (33.8) 

55.55 (18.9) 

77.44 (25.4) 

30.3(11.8) ) 

14.22 (5.3) 

18.44 (10.5) 

607.99 (147.6) 

%* * 
14 4 

17 7 

11 1 

13 3 

14 4 

9 9 

13 3 

5 5 

2 2 

3 3 

ntegrall (Ns) 

Fiatt insole 

90.00 (27.9) 

131.8(38.0)'' ' 

26.66 (26.9)h 

73.66 (44.4) 

91.8(33.2)" " 

58.88 (20.2) 

86.33 (28.3)" 

32.77 (12.6) 

15.00 (5.1) 

157(10,6) ) 

622.33 (154.8) 

%' %' 
15 5 

21 1 

4 4 

12 2 

15 5 

9 9 

14 4 

5 5 

2 2 

3 3 

BB Percentage of total force-time integral 

bb Significantly different from CMI (P < 0.05) 

Tablee 2. Distribution of 21 feet with MTH1 as region of interest into 'success'categories. 

Force-timee integral 

P
ea

k 
k 

P
re

ss
ur

e
 e

 

Increased d 

Decreased d 

Unchanged d 

Increased d 

0 0 

0 0 

0 0 

Decreased d 

1 c c 

r r 
3e e 

Unchanged d 

1 c c 

7* * 

22e e 

"" Successful,b Moderately successful,c Failures. 

'Success'' was based on the statistical effect of the CMIs on MTH1 peak pressure and force-time integral when 

comparedd with the flat insoies. 

Thee CMIs were successful in seven feet, moderately successful in another seven, and failed 
inn the remaining seven in their effects on peak pressure and force-time integral at MTH1 
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whenn compared with flat insoles (Table 2; see Methods for definitions of success). The 
correlationn coefficient between change in peak pressure and force-time integral at MTH1 
wass 0.06 (P = 0.8). 

Al ll  21 feet examined showed an increase in medial midfoot force-time integral (range 10.7 

-- 82.6 N-s) and a decrease in lateral heel force-time integral (range 8.6 - 58.4 N-s) when 

comparedd with measurements from the flat insoles, and these changes were significantly 

correlatedd (r = -0.80, P < 0.001). The correlation coefficient between load changes in the 

mediall  midfoot and MTH1 was not significant (r = -0.31, P = 0.17). 

Figuree 3. Mean (SD) regional differences in normalized force-time integral (in N-s) between the CMIs and flat insoles 

forr all 21 feet with MTH1 as region of interest are shown in (A). Mean (SD) inter-regional load transfer (in N-s) due to 

thee action of the CMIs when compared with the flat insoles is shown in (B). The breadth of the arrows is proportional to 

thee absolute amount of load transfer. Load transfers <3.0 N-s are discarded. Note that the load transfer shown in (B) is 

nott a direct result from the application of the LTA to (A), but the average of inter-regional load transfers that were 

calculatedd in each individual foot. 

Thee LTA revealed that the largest mean load transfer achieved by the CMIs occurred 

betweenn the lateral heel and medial midfoot (Figure 3). This was 3.3% of the total load and 

15.6%% of the lateral heel load applied to the flat insoles. Load transfer between MTH1 and 

mediall  midfoot was on average 7.8 N-s and amounted to 1.2% of the total load and 8.6% of 

thee MTH1 regional load. The total amount of load (mean (SD)) transferred due to the CMI 

actionn was 59.4 (23.7) N-s or 9.4% of the total applied load in the flat insole condition. 
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AA case in which the CMI was highly successful in achieving pressure relief and load 

redistributionn is shown in Figure 4A. The patient was a 60-year-old man (1.87 m, 119 kg). 

Hee had a long history of neuropathic ulcers at multiple sites on both feet. He had 

experiencedd prior ulcers at MTH1 on the right foot. Acquired foot deformities included a 

clawedd fourth toe, hallux abducto valgus, and limited joint mobility. Barefoot peak pressure 

att MTH1 was 1058 kPa. In-shoe peak pressure at this site was significantly lower with the 

CMII  than with the flat insole (mean 278 kPa vs. 441 kPa) and force-time integral was also 

significantlyy lower, by 24.6 N-s or 25%. Nearly all load transferred from MTH1 was 

directedd towards the medial midfoot. This load equaled 3.8% and 22.7% of the total load 

andd regional MTH1 load, respectively. Moreover, this transfer contributed most to the load 

increasee in the midfoot region (57% of 40.6 N-s). 

Figuree 4. Two case studies in which the CMI was successful (A) and not successful (B) in transferring load from MTH1 

too other foot region. The regional differences in normalized force-time integral (in N-s) between the CMI and flat insole 

aree shown in (A) and (C) and the resulting inter-regional load transfer values in (B) and (D), respectively. The breadth 

off the arrows is proportional to the absolute amount of load transfer. 

Ann example of a failure in the mechanical action of the CMI in shown in Figure 4B. This 

profilee is from a 64-year-old man (l .82 m, 90 kg) with a history of ulceration on the second 

toee of the left foot and several acquired deformities (limited joint mobility, clawed third toe, 

prominentt first to fifth MTHs, and hallux abducto valgus). His barefoot peak pressure at 

MTH11 was 957 kPa. In-shoe peak pressure was 231 kPa in the flat insole and 216 kPa in 

thee CMI, which was not significantly different. The force-time integral at MTH1 was larger 
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byy 0.5 N-s in the CMI (not significant). A net load transfer of only 0.1 Ns occurred 
betweenn MTH1 and the medial midfoot, whereas much larger transfers occurred from the 
laterall  heel and lateral MTHs to the medial midfoot. 

Discussion n 

Thiss study has shown that, on average, this type of CMI, intended for at-risk neuropathic 
feet,, can reduce peak pressure and force-time integral at MTH1 by 16% and 8%, 
respectively,, compared with a thick, flat, over-the-counter cushioned insole. It remains to 
bee demonstrated whether or not such alterations are sufficient to reduce tissue loading at 
thiss site below the threshold for injury. Neither is thé relative importance of reductions in 
peakk pressure or force-time integral for prevention of tissue injury established. These 
resultss show a lower therapeutic effect than that reported by Lord and Hosein10, who found 
aa reduction of 34% in peak pressure under MTH1 in six diabetic patients wearing molded 
inserts.. Novick et al.11 found a 78% reduction in peak pressure at this site in healthy 
subjectss wearing CMIs. Others, however, found no significant changes in peak pressure2;5;12 

andd force-time integral12 at this location. These discrepant results are likely related to the 
usee of different insoles, subjects, and experimental procedures, which makes these studies 
difficultt to compare. 

Althoughh use of CMIs produced a significant overall reduction in peak pressure and force-
timee integral at MTH1, an important finding of this study was that 7 of 21 insoles designed 
byy an experienced orthopedic shoemaker were not successful in offloading the foot at 
MTH11 compared with a simple over-the-counter flat insole. It should be recalled that, in an 
effortt to model the delivery of footwear to a remote location, the orthopedic shoemaker did 
nott actually examine the subjects in the study, but built the insoles based on an examination 
off  barefoot plantar pressures, footprints, and foot outline data. A subjective analysis of the 
demographicc data, the type of acquired foot deformity, and MTH1 barefoot peak pressure, 
togetherr with observations of the shape and structure of the CMIs, could not discriminate 
betweenn successful cases and failures. It is possible that more information (such as three-
dimensionall  foot shape, internal foot architecture, and gait characteristics) and/or a more 
systematicc analysis may be required for finding thé individual determinants of successful 
offloadingg and thus for prescription footwear to be effective. The above results suggest that 
thee effectiveness of a CMI should be measured, where possible, with in-shoe pressure 
devicess to ensure efficacy before it is dispensed to the patient. 

AA low and non-significant correlation was found between change in peak pressure and 
force-timee integral at MTH1 (r = 0.06). Several methodological factors may have played a 
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rolee in this outcome. First, peak pressure is obtained from a single sensor in the region, 
whereass force-time integral is measured over the whole region and, as such, is also 
dependentt on contact area and time. In addition, dividing the foot into 10 major anatomical 
regionss may have obscured significant effects of the CM1 within the boundaries of a region, 
forr example, in MTH1, where ultra-regional pressure redistribution would have reduced 
peakk pressure but kept force-time integral unchanged. Distal parts of the medial arch 
supportt may have been included in the MTH1 mask, which likely affected regional force-
timee integral to a greater extent than peak pressure. 

Inn each of the 21 analyzed feet, the medial arch support proved to be highly effective in 
transferringg load from adjacent regions to the medial midfoot. It was responsible for a 31% 
increasee in peak pressure and a 144% increase in force-time integral in the medial midfoot 
whenn compared with the flat insole. This region accounted for 4% of the total force-time 
integrall  with flat insoles, but for 11% with CMIs (Table 1). The LTA showed that the four 
largestt inter-regional load transfers occurring within the foot were directed towards the 
mediall  midfoot (Figure 3). It is likely that increases in contact area and contact time in this 
regionn contributed to the large increase in load and, presumably, explained why this 
increasee was larger than the increase in peak pressure. Although neuropathic plantar ulcers 
duee to repetitive stress are rarely found in the midfoot, avoiding a large increase in peak 
pressuree at the medial midfoot is important so as to avoid any localized damage to the soft 
tissuee of the medial arch, which is not well adapted for weight bearing. Brown et al.5 also 
foundd increased midfoot peak pressures in 10 healthy subjects wearing CMIs or arch 
supportss inside an extra-depth shoe. Novick et al." found midfoot peak pressure to be 
increasedd by 114% in CMIs when compared with flat insoles in 10 healthy participants. 
Thesee results suggest that a medial arch support should be a consistent feature in the design 
andd fabrication of CMIs for neuropathic diabetic patients with foot deformity. 

Thee CMIs were also very effective in the heel region. Peak pressure decreased substantially 
inn both medial and lateral heel regions in comparison to the flat insoles, and force-time 
integrall  decreased significantly in the lateral heel (Table 1). In the medial heel, pressure 
mayy have been redistributed within the boundaries of the region by the arch support, which 
almostt certainly extended into the medial heel mask in some cases. Thus, the medial heel 
force-timee integral was unchanged. The decrease in peak pressure and force-time integral in 
thee heel is most likely caused by two mechanisms: pressure redistribution through the effect 
off  the medial arch support and bilateral cupping of the heel. The LTA calculations clearly 
demonstratee that load was transferred away from the lateral heel to the medial midfoot 
(Figuree 3). Heel cupping is established by molding the insole around and up the periphery 
off  the heel. The soft tissue of the heel pad is presumably maintained by the CMI in position 
underneathh the bony prominences of the calcaneus, whereas it is displaced in a flat insole. 
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Brownn et al.s, in healthy subjects wearing CMIs, and Albert and Rinoie1, in diabetic 
patientss using custom-made medial arch orthotics, also showed significantly reduced heel 
peakk pressures. Novick et al.'l and Ashry et al,2, however, did not find significant effects of 
CMIss on peak pressure in the heel. Potential differences in size of the medial arch support 
and/orr degree of heel cupping may explain these opposing results. 

Mostt investigations that study the mechanical behavior of CMIs or custom orthoses simply 
draww conclusions on the pressure-redistributing effect of these interventions based on 
changess in peak pressure in one or two adjacent regions in the foot. Postema et al.12 raised 
thee complexity of the analysis by examining changes in force-time integral in selected 
regionss of the forefoot. However, when force-time integral is measured over the entire 
surfacee of the foot, the principle that load decrease in one region automatically results in 
loadd increase in another can be used to determine, by altered load distribution, the 
mechanismm by which CMIs work. The LTA was developed with mis principle in mind. 

Ass the analysis shows, the largest transfer of load was established between the heel and 
midfoott regions. A high and significant correlation between load loss and gain in these 
regionss (r = -0.80) confirms this association. Presumably, this strong relationship also 
explainss the low and non-significant correlation found between load decrease in MTH1 and 
loadd increase in the medial midfoot (r = -0.31); the large change in midfoot loading is a 
resultt of offloading the heel, not the forefoot. Thus, the dominant effect of the CMIs was 
expressedd in regions that are less at risk for plantar ulceration. The lower absolute values 
andd large inter-subject variability in MTH1 to medial midfoot load transfer (Figures 3 and 
4)) demonstrates the inconsistency in successful offloading of MTH1 by the CMIs used in 
thiss experiment. It should be kept in mind that the load transfer patterns reported here apply 
specificallyy to the conditions and subjects tested in this study and are examples of the range 
off  possibilities. A different set of patterns could have been obtained had a different orthotist 
producedd insoles for a different set of feet. 

Conclusions Conclusions 

Thiss study provides a perspective on alterations in the loading of the feet in a group of 
patientss with diabetic neuropathy and foot deformity who were using CMIs. On average, 
thee CMIs significantly reduced peak pressures and force-time integrals in MTH1 (region of 
interest)) when compared with flat insoles, but their mechanical effects were much larger in 
moree proximal regions of the foot, which are less at risk for plantar ulceration. In particular, 
dramaticc pressure reductions were achieved in the heel as a result of load redistribution by 
thee highly effective action of the medial arch support and, presumably, by cupping of the 
heel.. These effects were very consistent across subjects. Despite significant group results at 
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MTH1,, the CMIs were variable in their pressure-relieving and load-redistributing effect on 
ann individual level, and no improvement compared with flat, over-the-counter insoles was 
achievedd at this target site in seven of the 21 analyzed feet. 

Thesee results suggest, as have several prior studies, that based on present knowledge, 
whetherr derived from information on barefoot plantar pressure and foot outline alone or 
fromfrom a negative or positive cast from the patient's foot, experts cannot predictably make 
efficaciouss customized devices. Although this statement is based only on measured 
offloading,, high re-ulceration rates in specialty clinics are consistent with this statement as 
well.. We therefore conclude that the effects of CMIs must be thoroughly and systematically 
examinedd before we can confidently prescribe such insoles to neuropathic diabetic patients 
withh foot deformity. We suggest that clinicians need to evaluate measurements of in-shoe 
plantarr pressures, including load redistribution patterns (obtained by using a method such as 
thee LTA), to prescribe effective CMIs. 
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Appendixx A. Load transfer  algorithm 

Thee force-time integral values in the fiat insoles were first normalized to those in the CMIs 
too account for small discrepancies (average 3.8%, maximum 7.4%) in total foot force-time 
integrall  between the flat insoles and CMIs. Normalization was achieved by multiplying all 
regionall  force-time integral values in the flat insoles by the ratio of the total force-time 
integrall  in the CMIs and flat insoles. 
Becausee there is not a unique solution to the calculation of load transfer between 
anatomicall  regions in the foot when comparing a CMI with a flat insole, a set of 'rules' for 
thee calculation were formulated: 

Rulee I. The foot is divided into 3 levels: heel (level 1), midfoot (level 2), and forefoot 
(MTHss and toes, level 3). Load transfer calculation starts in the heel, followed 
byy the forefoot regions in order of decreasing load gain and, finally, by the 
midfoot. . 

Rulee 2. Load transfer can occur between adjacent anatomical regions only. 
Rulee 3. Transfer to one or more adjacent regions of opposite polarity (load gained or 

lost)) is proportional to the amount lost or gained. 
Rulee 4. Load is evenly distributed over adjacent regions in the neighboring level, in case 

nonee of the adjacent regions are of opposite polarity as the principal region. 
Rulee 5. When the amount of load lost in adjacent regions is not sufficient to completely 

solvee the principal region, mis amount is transferred and calculation should 
continuee with the next region. 

Rulee 6. To balance the solution at the end of the calculation process, regions with 
residuall  loads are solved (in order of decreasing load gain) by transferring load 
alongg the shortest route from non-adjacent regions. 

Thee application of these LTA rules is presented in Figure 5A-D for one complex example 
inn the study, chosen because all rules had to be applied to solve the problem. First, the heel 
iss solved (Rule 1). The only adjacent region of opposite polarity to the two heel regions is 
thee medial midfoot (Rule 2, Figure 5A). The total load mat needs to be transferred from the 
heell  (20.7 + 15.1 = 35.8 N-s) exceeds the load gain in the medial midfoot (26.2 N-s). By 
proportionn (Rule 3), 20.7/35.8 (= 58%) of the load in the medial midfoot (= 15.1 N-s) will 
bee transferred from the lateral heel, and the rest from the medial heel (26.2 - 15.1 = 11.1 
N-s,, solid arrows in Figure 5B). The remaining load in the lateral and medial heel regions is 
noww -5.6 and -4.0 N-s, respectively. Because the midfoot regions now have a polarity that is 
nott opposite to that of the heel regions (i.e., load lost), these remaining loads are evenly 
distributedd over the midfoot regions (Rule 4). Thus, 2.8 N-s from the lateral heel and 2.0 
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N-ss from the medial heel are transferred to both midfoot regions (dashed arrows in Figure 
5B). . 

Inn the forefoot, the hallux region has the largest load gain and is therefore solved first (Rule 

1).. Proportional to the amount of load lost in the adjacent MTH1 and MTH2 regions (Rule 

3),, 66% of the load gained in the hallux is transferred from MTH1 (4.2 N-s) and 34% from 

MTH22 (2.2 N-s). The remaining loads in MTH1 and MTH2 are now -1.3 and -0.6 N-s, 

respectivelyy (Figure 5B). The lateral MTHs, the next largest load-gaining region in the 

forefoot,, is solved by proportionate load transfer from MTH2, and the medial and lateral 

midfoott (Rule 3). 

Figuree 5. The load transfer algorithm (LTA) explained using one complex example in the study. (A) Regional 

differencess in force-time integral between the flat insole and CM I. (B) Inter-regional load transfer solving the two heel 

regions,, the hallux and lateral MTHs. The large-font italic style numbers indicate loads remaining after the hallux region 

wass solved. (C) Inter-regional load transfer solving all forefoot and midfoot regions. The large-font italic style numbers 

aree remaining loads before the residuals were solved. (D) Final load transfer diagram in which the breadth of the 

arrowss reflects the amount of load transferred 

Afterr solving this region, the remaining load lost in MTH2 (-0.4 N-s) is not large enough to 

completelyy solve the lateral toes region (dashed arrow in Figure 5C). According to Rule 5, 

afterr having transferred these 0.4 N-s, we continue with the next load-gaining region, which 

iss Toe2. MTH1 is the only adjacent region with opposite polarity, but again the load lost in 
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MTH11 (-1.3 N*s) is not large enough to completely solve Toe2 (dashed arrow in Figure 
5C), , 

Bothh Toe2 and lateral toes regions are solved by transfer of residual loads in the non-
adjacentt midfoot regions (Rule 6, solid arrows in Figure 5C). This is done in order of 
decreasingg load gain (the lateral toes are therefore considered first) and along the shortest 
route.. The remaining loads in the two midfoot regions are approximately equal (-2.8 and 
-2.77 N-s). Therefore, naif of the 3.4 N-s in the lateral toes is transferred from the lateral 
midfoott via the lateral MTH region, whereas the other 1.7 N-s is transferred from the 
mediall  midfoot, via MTH2 and the lateral MTHs region (Ö.8 and 0.9 N-s). In the same 
manner,, Toe2 is solved. The final result is a load transfer diagram (Figure 5D) in which the 
breadthh of the arrows reflects the amount of inter-regional load transferred. 
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Ass a complication of diabetes mellitus, diabetic foot disease is a well-established concept in 
whichh vascular, neurological, and biomechanical factors conspire to cause disorders that 
havee a great impact on patient health, mobility, life-expectancy, and quality of life*  and are 
aa significant economic burden. The diabetic foot has in the last few decades received an 
increasedd amount of attention from both physicians and basic researchers. However, while 
thee majority of studies on the diabetic foot have focused on treatment of ulceration, many 
aspectss of its pathogenesis are still far from clear. The recent introduction of advanced 
technologiess in the assessment of diabetic foot pathology such as in-vivo imaging and 
biomechanicall  modeling has made it possible to study the factors believed to be responsible 
forr foot ulceration in more detail. This thesis focused on several aspects of the pathogenesis 
off  foot deformity, which is common in patients with diabetes, and on its role in elevating 
plantarr pressures in patients with loss of protective sensation due to peripheral neuropathy. 
Inn particular, the putative chain of events linking motor neuropathy, intrinsic muscle 
atrophy,, claw/hammer toe deformity, plantar fat-pad changes and increased levels of 
plantarr pressures was analyzed on a quantitative basis using magnetic resonance imaging 
(MRI)) and barefoot plantar pressure measurements. 

Onn the theory of toe deformity and elevated plantar  pressures 

Thee studies in this thesis clearly show changes in the volume of the intrinsic muscles in the 
feett of diabetic patients with peripheral neuropathy. Both in chapter  2 and 4 we 
demonstratee remarkable degrees of intrinsic muscle atrophy, with a mean loss of more than 
70%% of muscle tissue in neuropathic patients compared with matched healthy controls 
(chapterr  2) and 10 of 18 neuropathic patients classified as having severe degrees of 
atrophyy or almost no muscle tissue left (chapter  4). These findings support earlier studies 
showingg significant muscle atrophy in the feet of neuropathic diabetic patients1634 and lead 
uss to conclude that substantial evidence is now available that loss of intrinsic muscle 
volumee is a secondary effect of peripheral neuropathy in diabetes. 

Distall  displacement of the sub-metatarsal head (MTH) plantar fat pads has been suggested 
too result from toe deformity and cause elevated plantar pressures in the diabetic foot2252*31, 
butt no study had ever quantified fat-pad displacement. We introduced a method to precisely 
addresss this topic using sagittal plane MR images of the forefoot. By dividing the measured 
fat-padd thickness under the MTH with the fat-pad thickness measured under the proximal 
phalanx,, a thickness ratio indicating displacement was calculated. Thinner sub-MTH fat 
pads,, thicker sub-phalangeal fat pads, and thus a lower thickness ratio were found in 
neuropathicc patients with claw/hammer toe deformity when compared with matched 
patientss with normally aligned toes (chapter  5). The average thickness ratio in the subjects 
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withh deformity was outside the normal limits (mean  2 standard deviations) for thickness 
ratioo measured in the control subjects, demonstrating the remarkable difference between the 
subjectss groups. Barefoot plantar pressures measured at the MTHs were nearly twice as 
highh in the patients with toe deformity when compared with the patients without deformity. 
Togetherr with the strong and significant associations found between variables of foot 
structuree and foot function, the data presented in chapters 5 and 7 strongly support the 
long-heldd belief that claw/hammer toe deformity causes fat-pad displacement and elevated 
plantarr pressures in the diabetic foot. These conditions increase the risk for plantar 
ulceration,, which is supported by data showing that pressure ulcers indeed occur most 
frequentlyfrequently at sites of bony prominence, usually under the MTHs7, and by data showing that 
claw/hammerr toe deformity is a significant independent predictor of plantar ulceration in 
patientss with diabetes.14 

Althoughh several other studies have shown a relationship between foot structure and plantar 
pressuress in the diabetic foot26, including the association between sub-MTH tissue 
thicknesss and elevated plantar pressures1139, ours was the first study to indicate mat distal 
fat-padd displacement is a mechanistic factor in the association between claw/hammer toe 
deformityy and increased levels of forefoot plantar pressure. Additionally, the explained 
variancee of peak pressures by metatarsal-phalangeal (MTP) joint hyperextension (54%) is, 
too the best knowledge of the author, the largest found for a single factor to date.1:2;2** 39 This 
iss rather surprising since the measure of toe angle is a static non-weight bearing measure, 
whereass plantar pressure is measured under dynamic weight-bearing conditions. The results 
suggestt that assessments of foot structure may not necessarily have to be performed under 
thee same circumstances as dynamic Junctional assessment, although we do not yet know 
howw much the addition of dynamic factors may have further increased the level of 
explainedd variance in plantar pressure in our group of neuropathic subjects.25 

Thee only part of the hypothesis regarding how motor neuropathy is related to elevated 
plantarr pressure that was not supported by our results concerned the role of intrinsic muscle 
atrophyy and muscle imbalance in explaining claw/hammer toe deformity. In chapter  2 we 
showedd that intrinsic muscle atrophy does not necessarily imply clawing/hammering of the 
toes.. The data presented in chapter  4 was in agreement with these findings. We further 
showedd in chapter  4 that neither intrinsic muscle atrophy nor an imbalance between the 
intrinsicc and extrinsic muscles could discriminate patients with claw/hammer toes from 
patientss with normally aligned toes. These findings are contrary to the long held believe 
thatt intrinsic muscle atrophy is the causative factor in MTP joint instability leading to 
claw/hammerr toe deformity.12;21:22;24:33 Therefore, we suggest that this mechanical theory 
shouldd be reconsidered. Based on abnormalities found in connective tissue structures 
involvedd in MTP joint stability, such as the plantar plate, collateral ligaments and the 

145 5 



ChapterChapter 9 

plantarr aponeurosis, which may be related to non-enzymatic glycosylation of proteins ' , 
wee suggested that these components may play a role in explaining why one diabetic patient 
developss deformity and another does not. However, we also found these factors to lack 
discriminatoryy power, leaving us with the provisional conclusion that daw/hammer toe 
deformityy is idiopathic in nature, a conclusion that is supported by others stressing that the 
causee of claw/hammer toe deformity is often not known.9;'9 

Itt is interesting to consider alternative mechanisms that were not investigated in this thesis 
whichh may cause a toe to become clawed or hammered in the diabetic neuropathic foot. In a 
comprehensivee mechanical analysis of finger deformity in the hand, Brand and HoUister15 

discusss the effects of removal or paralysis of muscles in the hand on the balance of joint 
momentss when an external load is applied to the pulp of the fmger tip. Because one 
muscle/tendonn complex cannot itself control two finger joints when an external load is 
applied,, additional muscles need to aid in balancing the external moment at more proximal 
joints.. Without this aid, due to paralysis or atrophy, proximal joints will go into extension. 
Too compensate for this, tension is added in the muscle controlling the distal joint but this 
wil ll  produce too much flexor torque at the distal joint. Over time, these unbalanced forces 
resultt in deformity. In the toes, the applied external loads are higher and more repetitive 
thann in the hand. Therefore, in analogy to the mechanism in the hand, we proposed in 
chapterr  4 that the repetitive application of increased pressures in the toes in a neuropathic 
patientt with significant intrinsic muscle atrophy may result in joint moments at the MTP 
jointt mat cannot be sufficiently opposed, which, over time, will result in hyperextension of 
thee MTP joint and flexion of the proximal inter-phalangeal joint (PIP). In support of this 
hypothesis,, Coughlin and Mann19 state that "...the most important factor is probably the 
reactivee force of the foot against the ground, pushing the MTP joints into extension." 
Futuree studies should accept or reject this alternative theory of claw/hammer toe deformity 
pathogenesiss in the diabetic foot. We suggest that a study designed at the long-term follow-
upp of a large group Of neuropathic patients with normally aligned toes and known plantar 
foott pressures, and with the development of claw/hammer toe deformity as primary 
outcome,, may provide the answer. 

Reliabilit yy of measures of foot structure and function 

Thee assessment of foot structure and function using quantitative methods such as MRI and 
plantarr pressure measurement, whether in healthy individuals or in diabetic patients with 
peripherall  neuropathy, requires that reliable data be obtained - since the validity of any 
resultt is limited by its reliability. Because we introduced several new measures of diabetic 
foott structure using MRI, we determined the intra-observer and inter-observer agreement of 
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thesee measurements. The reproducibility of obtaining barefoot plantar pressures in 
neuropathicc diabetic patients had not been determined before» despite the wealth of plantar 
pressuree studies performed in this group of patients. The results in chapters 3 and 6 show 
thatt assessment of intrinsic muscle atrophy, joint configuration, fat-pad thickness as well as 
barefoott plantar pressures can be done in a reproducible manner. This provides 
methodologicall  support for the results obtained in the group comparison studies described 
inn chapters 4, 5, and 7 and suggests that the conclusions drawn from these studies are 
methodologicallyy robust. It is interesting to see that the intra- and inter-observer agreement 
forr foot structure assessment using MRI is higher than reported for computed tomography18 

andd plane radiographs30, suggesting that the superior tissue-contrast in MRI compared to 
otherr imaging techniques facilitates the measurement of soft- and hard-tissue structures in 
thee neuropathic diabetic foot. 

Forr many years, different approaches have been used in the assessment of barefoot plantar 
pressuree in non-diabetic individuals as well as in diabetic patients, including a 1-step, 2-
step,, 3-step, and midgait approach. In chapter  6 we showed that, despite loss of kinesthetic 
information,, neuropathic patients may be as consistent as non-diabetic healthy subjects in 
walkingg across a pressure platform for obtaining representative estimates of plantar 
pressure.. We also demonstrated that reducing the number of steps before contact is made 
withh the platform does not result in methodologically flawed results in this patient group. 
Thiss finding is important in view of the risk for ulceration in patients with loss of protective 
sensation,, who are advised not to walk on bare feet. Considering this result, it would be 
interestingg to know what the effect of early termination of the follow-through after platform 
contactt is on the validity and reproducibility of pressure data. We are currently 
investigatingg 1-step, 2-step, and 3-step termination protocols, in the first instance using 
non-neuropathicc healthy volunteers. 

Plantarr  pressure measurements and footwear  prescription 

Thiss thesis shows that claw/hammer toe deformity is an important component in elevating 
plantarr pressure in the foot, which emphasizes its role in increasing the risk of plantar 
ulceration.. However, the deformity does not necessarily predict ulceration, because a clear 
thresholdd of barefoot plantar pressure above which ulceration occurs has not been 
established,, despite several attempts to do so.8;17 In fact, barefoot plantar pressures have 
beenn found to be only 70% sensitive and 65% specific of causing ulceration.8 The peak 
barefoott pressures measured at the MTHs in the neuropathic patients studied in this thesis 
variedd from 294 to 1257 kPa (chapters 7 and 8). But whether the patient with foot 
deformityy and a peak pressure of 1257 kPa will ulcerate and the patient with no deformity 
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andd a peak pressure of 294 kPa will not, is uncertain because barefoot plantar pressures do 
nott predict the load that the foot is exposed to in normal daily living, which is dependent on 
activityy level and footwear.17 These limitations of applying measured barefoot pressures to 
clinicall  decisions outcomes highlight the importance of measuring in-shoe plantar pressures 
inn diabetic patients. 

Thesee results also reflect the importance of wearing protective and pressure-relieving 
footwearr for primary and secondary ulcer prevention. In this thesis, we investigated the 
mechanicall  action of commonly prescribed custom-made insoles for diabetic feet by 
comparingg pressure and load distribution while wearing both custom-made and flat insoles 
(chapterr  8). We introduced an algorithm to assess the pattern in load transfer of one insole 
comparedd with another and showed that a built-in medial longitudinal arch support and 
cuppingg of the heel in custom-made insoles has a substantial load redistributing effect on 
thee foot. On average, the custom-made insoles significantly reduced peak pressure at target 
sitess in the foot (e.g. first MTH) but had a much larger effect in regions less susceptible for 
injuryy (e.g. heel). The finding that a third of patients wearing the particular custom-made 
insoless used in the study did not show reduced plantar pressures at the primary target area 
(firstt MTH) not only shows that fabricating efficacious devices in a predictable manner is 
veryy difficult, but also that reporting mean effects in these kind of comparison studies does 
nott tell the full story. An individual approach is clearly warranted. But even where 
substantiall  pressure reductions with custom-made insoles are achieved, it should be kept in 
mindd that only when the ulceration threshold has been defined in terms of a given pressure 
valuee for a given region it will be possible to prescribe insoles with precision.17 In the 
meantime,, the efficacy of insoles can be judged only by whether an ulcer or skin abrasion 
cann be prevented. It is believed, however, that the assessment of pressure and load 
distributionn in combination with assessments of foot structure and biomechanical modeling 
wil ll  further improve our understanding of the principles of footwear prescription resulting 
inn more appropriate interventions in the neuropathic patient with foot deformity. 

Stagingg and severity of motor  neuropathy 

Itt has been suggested that motor neuropathy is more common and more profound in 
diabeticc polyneuropathy than previously thought and may develop broadly in parallel with 
sensoryy neuropathy in many patients.4;l3;20 These observations are based on recent data 
showingg remarkable degrees of atrophy in the lower leg and in the intrinsic foot muscles, 
significantt loss of strength in the muscles crossing the ankle joint, as well as a significant 
relationshipp between motor function and neuropathic severity.5;6;I6;34 The remarkable loss of 
intrinsicc muscle tissue as presented in chapters 2 and 4 support these suggestions. All 
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neuropathicc subjects studied in this thesis for whom we examined the intrinsic foot 
musculaturee showed at least some degree of intrinsic muscle atrophy. ln-vivo imaging tools 
suchh as MRI offer a unique opportunity to examine the most distal muscles in the foot in 
thee same manner as quantitative testing (e.g. biothesiometry or monofilaments) can be used 
too assess protective sensation in the most distal foot regions. This is a step forward with 
respectt to more traditional methods of assessing motor function for example by observing 
thee presence of foot drop, inability to stand/walk on heels or toes, palpation of muscle 
bellies,, or manual muscle testing, which are mostly non-quantitative or focus mainly on the 
muscless at the ankle joint. The number of subjects used in this thesis is top small to draw 
conclusionss on the relative staging of motor and sensory neuropathy in diabetic 
polyneuropathy.. A nerve-length dependency, however, has been demonstrated with more 
musclee atrophy present in the intrinsic muscles of the foot than in the extrinsic muscles 
locatedd in the lower leg (chapter  4), which supports data from Andersen et al.5 Larger 
studiess focused on the quantitative assessment of motor and sensory function in both distal 
andd proximal regions should confirm or refute the suggested parallel development of motor 
andd sensory neuropathy in the progress of diabetic neuropathy. 

Claw/hammerr  toe deformity assessment 

Inn clinical diabetic foot practice, claw and hammer toes are most often scored in a binary 
fashionn (present or absent). It is unclear, however, which thresholds are used to determine 
théé presence or absence of deformity. In fact, normal ranges of MTP and IP joint angles 
withh which measures in the diabetic foot could be compared are not known. Standardized 
simplee tools or methods that measure the angles in the MTP and IP joints currently do not 
exist.. In a sectioning study of cadaver feet with claw and hammer toes by Myerson and 
Sheriff27,, the initial average MTP joint angles were 65, 60, 50, and 40 degrees extension in 
thee second, third, fourth, and fifth MTP joint, respectively, as measured using goniometry, 
withh a suggested precision of 5 degrees. From lateral weight-bearing radiographs, Smith et 
al.322 used the level of elevation of the PIP joint above the MTH to classify claw toes. They 
weree graded as mild, moderate, or severe, respectively, when the PIP joints were seen 
below,, through, or above a line drawn parallel to the foot sole and touching the top of the 
MTH.. In our studies we used contact digitization on the dorsal surface with a three-
dimensionall  pointer method (chapter  2) and sagittal plane MR images (chapters 3, 4, 5, 
andd 7) to determine joint configuration in the forefoot. Using both methods, we classified 
claw/hammerr toe deformity with respect to 95% normal limits (mean  2 standard 
deviations).. This resulted in second ray MTP joint angles >54 degrees being classified as 
deformedd using contact digitization. Using MRI, toe angles >13 degrees extension in the 
secondd or third ray were classified as deformed. However, all of the above analyses lack the 
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simplicity,, number of subjects or cost-effectiveness to obtain reference values for normal 
toee configuration that may be used in a clinical setting to assess claw/hammer toe deformity 
inn a valid and reliable way. The use of clinical tools such as goniometry may be validated 
byy comparison with in-vivo imaging techniques. Threshold values defining 'clawed' or 
'hammered'' using goniometric measures may men be established in population-based 
studies.. With such a classification system, the prevalence and incidence of these 
deformitiess in different patient populations as well as healthy subjects may be determined 
inn a valid and reliable manner. 

Interventions s 

AA strong association was found between claw/hammer toe deformity and elevated plantar 
pressure.. This implies an increased risk for plantar ulceration, and suggests that strategies 
shouldd be developed for preventing this deformity from occurring in patients with loss of 
protectivee sensation. Although foot exercises aimed at establishing a balance in muscle 
actionn at the toes could be devised, the findings from chapter  4 suggest that these strategies 
mayy at present be considered elusive until the key permissive factor in causing 
claw/hammerr toe deformity has been defined. Conservative treatment of patients with 
claw/hammerr toe deformity should be focused at reducing plantar pressures in the central 
MTHH regions of the foot. Custom-molded insoles, metatarsal pads, and rocker-bottom 
footwearr have been shown to have a significant positive effect on pressure in these 
areas.3:23;28;29;366 Injections of liquid silicon in the areas under the MTHs have been shown to 
givee significant pressure relief that was maintained up to 12 months after treatment. ' If 
shownn to be medically safe, this procedure may offer a useful way to reduce plantar 
pressuress at MTH prominences caused by the distal displacement of the fat pads as a result 
off  toe deformity. Corrective surgery of toe deformity is not commonly performed in the 
diabeticc foot due to the presence of neuropathy, vascular complications, and a higher risk 
forr infection. But even if surgery is considered for rigid claw/hammer toe deformity, it may 
bee questioned, due to the multiple developed soft-tissue contractures in these toes,, whether 
withh realignment of the toes the fat-pad cushions are repositioned under the MTHs and 
regainn proper function in protecting deeper structures. 

Somee limitation s and further  recommendations 

Thiss thesis consists of a series of cross-sectional studies from which cause-and-effeet 
relationshipss between foot structure and function in the neuropathic diabetic patient can not 
bee established. However, certain factors lead us to believe that cause-and-effect can at least 
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bee suggested in several of the associations found. First, in the recruitment of subjects 
describedd in chapters 4, 5, and 7 we aimed at creating two groups that were similar in 
demographicc and disease-related factors, such as age, gender, diabetes duration, severity of 
neuropathy,, and differed primarily on one factor - the degree of MTP joint extension. 
Furthermore,, in the examination of factors involved in MTP joint stability we chose to 
focuss on flexible toe deformity, which is a pre-stage of more rigid deformity, because we 
believedd that any difference found at mis level would not be the result of disuse or 
stretching,, as may be the case in rigid deformity. Finally, the theory on the pathogenesis of 
toee deformity and elevated plantar pressure describes a chronological chain of mechanical 
eventss that seems logical and not reversible in many aspects considering the known 
anatomicall  relationships in the foot.10'1' This supports us in our belief that, at least for the 
associationn found between deformity and elevated plantar pressure, deformity is the 
initiatingg event causing fat-pad displacement and, as a result, elevatedd plantar pressure. 

Thee long-term follow-up of patients with flexible toe deformity or patients that may be 'at 
risk'risk' of toe deformity may provide a definitive identification of the factors) involved in 
causingg claw/hammer toe deformity and elevated plantar pressures in the diabetic foot. 
However,, this approach is not free of limitations either. Several other structural changes or 
deformitiess that may develop Over time could affect the sought after relationship between 
musclee imbalance, toe deformity, and elevated plantar pressure. Furthermore, because the 
naturall  history of claw/hammer toe deformity is not known, the patient who is suspectedd of 
riskk for developing deformity may be very difficult to identify, requiring a large study that 
mayy be too costly, certainly if MR! and plantar pressure measurements are an integral part 
off  the investigation. We suggest that cross-sectional studies incorporating additional 
techniquess with which muscle or connective tissue can be examined in more detail such as 
MRR spectroscopy, muscle biopsy, or histochemical examination, may further improve our 
basicc understanding of how claw/hammer toes develop in diabetic neuropathic feet. 

Thee conclusions in the studies of this thesis were based on results obtained in a relatively 
smalll  sample of neuropathic subjects. Although this may be considered a limitation, many 
differencess in the comparison of experimental and control groups were so substantial and 
consistent,, that sufficient statistical power was obtained, despite these relatively small 
numbers.. This specifically concerned the 73% loss of intrinsic muscle cross-sectional area 
foundd in neuropathic patients when compared with matched health controls (chapter  2), the 
58%% reduction in sub-MTH fat-pad thickness and 65% reduction in thickness ratio in 
neuropathicc subjects with claw/hammer toe deformity compared with matched neuropathic 
controlss (chapter  5), and the 1.7 fold increase in peak pressure at the MTH in these patients 
withh toe deformity. The study on the pathogenesis of claw/hammer toe deformity (chapter 
4)) was explorative in design. Due to the nature of the problem (absence or presence of toe 
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deformity)) we expected to find consistently different results between the experimental and 
controll  groups that may even show in a small sample of neuropathic patients. Larger group 
studiess will enhance the statistical power for showing significant differences between 
patientss with and without toe deformity and for determining the possible contributing role 
off  different anatomical predisposing factors. 

Finally,, we did not measure shear pressure. Because abundant amounts of callus at the 
lesserr MTHs is a frequent clinical finding in patients with claw/hammer toes, it is suggested 
thatt shear pressure (or in mechanical terms: shear stress) applied to the foot may be 
abnormallyy high in these regions, and may contribute to an increased risk of plantar 
ulceration.. Pressure devices that can measure shear stress are currently not commercially 
available.. When they are, studies in which both normal and shear stresses are measured in 
neuropathicc subjects with clawing/hammering of the toes may lead to acceptance of this 
hypothesis.. In any case, the addition of shear stress will improve the representation of the 
actuall  interaction between the foot and the floor (or insole), expressed by means of the 
resultantt pressure. It will be interesting to determine how much of the variance in this 
resultantt pressure may be explained by foot structure parameters. 

Conclusion n 

Thiss thesis describes several structural and functional aspects of foot deformity in a group 
off  subjects with diabetes mellitus that axe complicated with what may be considered one of 
thee most intriguing and ambiguous lower-extremity deficits, namely peripheral neuropathy 
resultingg in loss of pain and protective sensation. This thesis has shown remarkable degrees 
off  intrinsic muscle atrophy secondary to peripheral neuropathy, identified a mechanistic 
linkk in associating toe deformity with elevated plantar pressure, demonstrated the clinical 
importancee of claw/hammer toe deformity in neuropathic diabetic patients, led to some 
majorr reservations regarding long-advocated theories of toe deformity pathogenesis, shown 
goodd reproducibility of foot structure and plantar pressure measurements in neuropathic 
subjects,, and elucidated the mechanical action of custom-made insoles in deformed 
neuropathicc feet. The author hopes the findings in this thesis will entice researchers and 
clinicianss to further explore and initiate studies on the structural and functional aspects of 
thee neuropathic foot with the ultimate goal of preventing the occurrence of foot ulceration 
inn patients with diabetes mellitus, 
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Summary Summary 

Inn this thesis, different aspects of the pathogenesis*  consequences and conservative 
treatmentt of foot deformity in diabetic patients with peripheral neuropathy were discussed. 
Chapterr  1 constituted an introduction to the anatomical and biomechanical principles of 
foott deformity pathogenesis and to the mechanisms leading to elevated plantar pressure and 
plantarr ulceration in neuropathic diabetes patients. 

Forr several decades it is believed by many authors that clawing or hammering of the toes in 
thee diabetic foot develops as a result of muscle imbalance caused by intrinsic muscle 
atrophyy secondary to motor neuropathy. Hyperextension of the metatarsal-phalangeal 
(MTP)) joint is the most important feature of claw/hammer toe deformity and is suggested to 
resultt in a distal migration of the fat pads located under the metatarsal heads (MTHs). This 
migrationn of plantar fat pad would then lead to prominent and unprotected MTHs and, 
subsequently,, to elevated plantar pressures during gait. Elevated plantar pressure has been 
establishedd as a major risk factor for plantar ulceration in the diabetic neuropathic foot. 
However,, despite many anecdotal reports and observational studies, quantitative evidence 
forr the existence of (parts of) this mechanism is absent. 

Inn chapter  2, evidence was provided for the presence of intrinsic muscle atrophy in diabetic 
patientss with peripheral neuropathy. Using a special quantitative magnetic resonance 
imagingg (MRI) technique, a remarkable loss of 73% of intrinsic muscle tissue was found in 
eightt neuropathic diabetic patients when compared with a group of eight age- and gender-
matchedd healthy control subjects. The configuration of the MTP and inter-phalangeal (IP) 
jointss in the second ray was assessed using contact digitization. The results showed no 
significantt difference in joint angles between the two subject groups, despite the major 
atrophyy in the neuropathic group, with only two neuropathic subjects exhibiting 
clawed/hammeredd toes. These results demonstrate that the consequences of motor 
neuropathyy in the feet are profound in patients with diabetes, but that intrinsic muscle 
atrophyy does not necessarily imply claw/hammer toe deformity. 

Duee to its superior soft-tissue contrast properties when compared with other imaging 
techniques,, MRI is the method óf choice for the in-vivo evaluation of soft-tissue structures 
inn the foot or lower leg, including muscle, fat, and connective tissue. However, MRI has not 
beenn commonly used for the assessment of foot structure in the diabetic foot. Therefore, 
littl ee is known about the reproducibility of MRI assessments for this purpose. Chapter  3 
describedd the intra-observer and inter-observer agreement of performing measurements of 
fat-padd thickness under the MTHs and the proximal phalanges, configuration of the MTP 
andd IP joints of the lesser toes, and degree of intrinsic muscle atrophy (the latter using a 5-
pointt scoring scale) in a group of 24, mostly neuropathic diabetic subjects. The intra- and 
inter-observerr agreement was found to be good for fat-pad thickness, MTP joint angle and 
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toee angle (angle between sole of forefoot and proximal phalanx), with intraclass correlation 
coefficientss (ICC) larger than 0.97 and 95% of differences between assessment <0,8 mm or 
<3.88 degrees. Reproducibility was, however, lower for the IP joint angles with 95% limits 
betweenn assessments close to 9 degrees, despite ICCs >0.94. Because most of the 
parameterss assessed in this study were main parameters in several other chapters in this 
diesis,, we were confident mat the conclusions drawn in these chapters based on differences 
foundd between subject groups were methodologically sound. 

Chapterr  4 gave insight into the role mat different structures involved in MTP joint stability 
playy in causing claw/hammer toe deformity in the diabetic foot. Using MRI, the intrinsic 
andd extrinsic toe muscles, the plantar aponeurosis and the MTP joint capsule were 
evaluatedd in a group of nine neuropathic diabetic patients with claw/hammer toe deformity 
andd a matched group of nine patients with normally aligned toes. No significant differences 
weree found between groups for intrinsic muscle atrophy score, extrinsic muscle status 
(degreee of atrophy, presence of fibrosis), imbalance between intrinsic and extrinsic 
muscles,, plantar aponeurosis rupture, and degenerative changes in joint capsule. These 
findingsfindings demonstrate a lack of power to discriminate between neuropathic patients with toe 
deformityy and patients without deformity. This challenges the prevailing mechanical theory 
off  claw/hammer toe pathogenesis and provisionally suggests that this deformity is 
idiopathicc in nature. 

Inn chapter  5 we described the association between claw/hammer toe deformity and the 
geometryy of the protective plantar fat pads under the MTHs in the diabetic neuropathic foot. 
AA comparison between 13 patients with deformed toes and 13 matched patients with 
normallyy aligned toes showed significantly thinner sub-MTH fat pads and significantly 
thickerr sub-phalangeal fat pads in the deformed cases. As a result, the ratio of these two 
thicknesss measures was substantially smaller in the deformed feet, which indicated the 
presencee of fat-pad displacement. Together with highly significant correlations found 
betweenn degree of toe deformity and both thickness ratio and sub-MTH fat-pad thickness, 
thesee data strongly support the long-held belief that claw/hammer toe deformity leads to a 
distall  migration of the sub-MTH fat-pad cushions in the diabetic neuropathic foot. 

Dynamicc barefoot plantar pressure measurements are routinely used in the risk evaluation 
forr ulceration in diabetic patients with neuropathy. In order to obtain a representative 
estimatee of the true plantar pressures in the foot, several repeated trials are normally 
collectedd with the patient walking across a pressure platform. Because barefoot walking is 
nott recommended for diabetic patients at risk for plantar ulceration, often only one or two 
stepss are made by these patients before contact with the platform. In chapter  6, the validity 
andd reproducibility of using a 1-step and 2-step gait approach in comparison with a 3-step 

159 9 



Summary Summary 

referencee protocol were assessed in 14 densely neuropathic diabetic patients (vibration 
perceptionn threshold >35 Volts). The 1-step and 2-step protocols produced similar values 
forr peak pressure and pressure-time integral when compared with the 3-step protocol. 
Reproducibilityy was good in all protocols with ICGs >0.87 and similar to reported findings 
inn non-neuropathic healthy subjects. Because the 2-step protocol required the least amount 
off  repeated trials to obtain reliable pressure data (ICC >0.85), this protocol is recommended 
forr barefoot plantar pressure assessment in diabetic patients with neuropathy. 

Chapterr  7 described the findings on barefoot plantar pressure measured during gait in the 
samee sample of patients as studied in chapter S. Peak pressure and pressure-time integral at 
thee central MTHs during walking were significantly higher by a factor 1.7 and 1.8, 
respectively,, in the neuropathic subjects with toe deformity when compared with the 
neuropathicc controls without deformity. Load-distribution analysis showed a distal-to-
proximall  transfer of load in the neuropathic group with toe deformity. These results, 
togetherr with the highly significant correlations found between MTH peak pressure and 
foott structure variables (degree of toe deformity, sub-MTH fat-pad thickness, and thickness 
ratio)) show the importance of the toes and the sub-MTH structures in the functioning pf the 
foott and show that patients with claw/hammer toe deformity are at increased risk for plantar 
ulceration. . 

Custom-madee insoles are commonly prescribed for diabetic patients with neuropathy and 
foott deformity, but few quantitative data on their mechanical action exist. In chapter  8 thé 
effectt of custom-made insoles on in-shoe plantar pressure and load distribution in diabetic 
patientss with neuropathy and foot deformity was discussed. Custom-made insoles and thick 
flatflat 'off-the-shelf insoles were compared in 20 neuropathic diabetic patients with foot 
deformityy and with previous ulceration or high plantar pressures at the first MTH. Although 
thee custom-made insoles significantly reduced peak pressure at the first MTH compared 
withh flat insoles, their main effect was in regions typically not at risk for plantar ulceration 
(heell  and midfoot). Moreover, the custom-made insoles were variably successful at the first 
MTHH on an individual level. A new load transfer algorithm demonstrated the major load 
redistributivee effect of heel cupping and a medial arch support incorporated in the custom-
madee insoles. These results suggest that customized devices can be efficacious, but not in a 
predictablee manner, from which it is concluded that a systematic examination of their 
effectss should be performed before they are prescribed to diabetic patients. 

Inn chapter  9, the most important findings in this thesis were summarized and further 
discussedd together with several limitations, clinical implications and recommendations for 
furtherr research. 

160 0 



Samenvatting Samenvatting 

Inn dit proefschrift werden verschillende aspecten besproken en bediscussieerd ten aanzien 
vann de pathogenese, de gevolgen en de conservatieve behandeling van voetdeformiteiten bij 
diabetess patiënten met perifere neuropathie. Hoofdstak 1 betrof een algemene inleiding in 
dee onderliggende anatomische en biomechanische principes van voetdeformiteiten en in de 
mechanismenn die verantwoordelijk zijn voor een verhoogde druk onder de voet tijdens het 
lopen,, evenals het ontstaan van wonden aan de voetzool van diabetes patiënten met 
neuropathie. . 

All  meerdere decennia bestaat de overtuiging bij veel onderzoekers dat klauw- en 
hamertenenn in de diabetische voet het gevolg zijn van een disbalans in de werking tussen 
intrinsiekee en extrinsieke spieren, die veroorzaakt wordt door atrofie van de intrinsieke 
voetspieren,, waardoor de extrinsieke spieren overheersen. Deze intrinsieke spieratrofié zou 
zelff  het gevolg zijn van motorische neuropathie (verlies aan innervatie van de spieren). 
Hyperextensiee (overstrekking) van het metatarsale-phalangeale (MTP) gewricht is het 
belangrijkstee kenmerk van klauw- en hamertenen, waarvan wordt gesuggereerd dat deze 
leidtt tot een verplaatsing naar voren van de beschermende vetkussentjes onder de kopjes 
vann de middenvoetsbeentjes (metatarsaüa). Deze distale verplaatsing zou vervolgens 
resulterenn in prominerende metatarsaalkopjes, waardoor de mechanische druk tijdens het 
lopenn in deze gebieden verhoogd is. Verhoogde druk onder de voet is een belangrijke 
risicofactorr voor het ontstaan van wonden aan de voetzool in de gevoelloze en pijnloze 
diabetischee voet. Echter, ondanks verschillende anekdotische rapporten en observationele 
studies,, is kwantitatief bewijs voor het bestaan van (delen van) dit mechanisme niet 
voorhanden.. Het belangrijkste doel van dit proefschrift was dan ook het leveren van bewijs 
middelss kwantitatief onderzoek voor het bestaan danwei het ontbreken van bovengenoemd 
mechanisme. . 

Inn hoofdstuk 2 werd bewijs geleverd voor atrofie van de intrinsieke voetspieren bij 
diabetess patiënten met perifere neuropathie. Door gebruik te maken van een speciale 
kwantitatievee MRI (magnetic resonance imaging) techniek, werd een opmerkelijk verlies 
vann 73% in spiervolume gevonden in een groep van acht patiënten met neuropathie, 
wanneerr werd vergeleken met een groep van acht, op leeftijd en geslacht overeenkomende 
(gematchte),, gezonde proefpersonen. Met behulp van een digitaliseer apparaat, waarmee de 
standd in de gewrichten van de tweede straal gemeten kon worden, werd geen verschil 
gevondenn tussen deze twee groepen in de gewrichtshoek van zowel het metatarsale-
phalangealee gewricht als de beide inter-phalangeale gewrichten, dit ondanks de aanzienlijke 
spieratrofiéé in de patiëntengroep. Slechts twee patiënten hadden klauw/hamertenen. Deze 
bevindingenn geven aan dat de gevolgen van motorische neuropathie in de voet aanzienlijk 
zijnn bij patiënten met diabetes, maar dat intrinsieke spieratrofié niet noodzakelijkerwijs 
hoeftt te leiden tot klauw/hamertenen. 
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Doorr de superieure eigenschappen van MRI ten opzichte van andere beeldvormende 
techniekenn (CT scan, Röntgen) in het onderscheiden van spierweefsel, vetweefsel, 
bindweefsel,, pezen en ligamenten, verdient deze techniek de voorkeur bij het bestuderen 
vann 'zachte' weefsels in de voet en hét onderbeen. Echter, MRI wordt nög niet veel 
gebruiktt als techniek voor het bestuderen van structuren in de voet van diabetes patiënten. 
Daaromm is weinig bekend over de reproduceerbaarheid van metingen met MRI bij de 
diabetischee voet. Hoofdstuk 3 beschreef de intra-beoordelaars en inter-beoordelaars 
betrouwbaarheidd in het meten van de dikte van de vetkussentjes onder de kopjes van de 
metatarsaliaa en onder de teenbotjes (proximate phalanx), van de stand van de MTP en inter-
phalangealee gewrichten in de tweede en derde straal en van de mate van intrinsieke 
spieratrofie,, waarvoor een 5-punts atrofie schaal werd gebruikt. Deze metingen werden 
verrichtt door gebruik te maken van de MRIs van 24 proefpersonen, van wie het merendeel 
diabetess patiënt met neuropathie was. De intra- en inter-beoordelaars betrouwbaarheid was 
goedd voor metingen van vetweefsel dikte, MTP gewrichtshoek, en teenhoek, met intraclass 
correlatiee coëfficiënten groter dan 0.97 (1 betekent absolute overeenstemming) en 95% van 
dee verschillen tussen gepaarde metingen kleiner dan 0.8 millimeter of 3.8 graden. 
Reproduceerbaarheidd was echter kleiner voor de inter-phalangeale gewrichtshoeken met 
95%% grenzen tussen metingen dicht bij 9 graden, ondanks hoge ICCs (>0,94). Omdat de 
meestee variabelen in dit onderzoek belangrijke variabelen waren in de overige studies in dit 
proefschrift,, vertrouwden we erop dat de conclusies uit deze studies, op basis van 
versehillenn gevonden tussen groepen patiënten, in ieder geval methodologisch correct 
waren. . 

Hoofdstukk 4 gaf inzicht in de rol die verschillende structuren, betrokken bij het stabiliseren 
vann het MTP gewricht, spelen in het veroorzaken van klauw- of hamertenen in de 
diabetischee voet. Met gebruik van MRI werden de intrinsieke en extrinsieke voetspiereü, de 
aponeurosee plantaris (sterke bindweefselplaat in de voetzool) en het MTP gewrichtskapsel 
bestudeerdd in een groep van 9 diabetes patiënten met neuropathie en klauw/hamertenen en 
inn een gematchte groep van 9 patiënten zonder teendefórmiteit. Er werden geen significante 
verschillenn gevonden russen de twee groepen in intrinsieke en extrinsieke spieratrofiescore, 
inn de aanwezigheid van fibrose in de extrinsieke voetspieren, in een disbalans tussen de 
intrinsiekee en extrinsieke spieren, in de aanwezigheid van ruptuur van de aponeurose 
plantariss en in degeneratieve veranderingen in het gewrichtskapsel. Deze bevindingen tonen 
eenn gebrek aan onderscheidend vermogen tussen patiënten met en zonder 
klauw/haraertenen,, hetgeen in strijd is met de heersende mechanische theorie ten aanzien 
vann klauw/hamerteen pathogenese. Dit veronderstelt dat de oorzaak van deze deformiteit 
voorlopigg niet duidelijk is. 
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Inn hoofdstak 5 beschreven we de relatie tussen de aanwezigheid van klauw/hamertenen en 
dee structuur van het beschermende vetweefsel onder de metatarsaalkopjes in de diabetische 
voet.. Een vergelijking tussen 13 patiënten met gedeformeerde tenen en 13 gematchte 
patiëntenn met rechte tenen liet zien dat de vetkussentjes onder de metatarsaalkopjes 
significantt dunner en de vetkussentjes onder de proximale phalanx significant dikker waren 
bijj  de patiënten met klauw/hamertenen. Als gevolg hiervan was de ratio tussen deze twee 
diktee metingen, substantieel kleiner bij deze patiënten, wat een indicatie is voor de 
aanwezigheidd van vetweefselverplaatsing. Samen met de gevonden hoge correlaties tussen 
dee mate van klauwen/hameren, de afname in dikte ratio en de afname in vetweefseldikte 
onderr de metatarsaalkopjes, ondersteunen deze data de theorie dat klauw/hamerteen 
deformiteitt leidt tot een distale verplaatsing van de vetkussentjes onder de 
metatarsaalkopjess in de diabetische neuropathische voet. 

Hett meten van de druk onder de voet tijdens het lopen op blote voeten wórdt vaak gebruikt 
terr beoordeling van het risico op wonden bij diabetes patiënten met neuropathie. Om een 
representatievee waarde te krijgen van de druk onder de voet tijdens het lopen, worden 
gewoonlijkk enkele herhaalde metingen (trials) gedaan waarbij de patiënt heen en weer over 
eenn drukmeetplatform loopt. Omdat blootsvoets lopen niet aanbevolen is voor diabetes 
patiëntenn met een risico op wonden* worden vaak slechts één of twee stappen gemaakt 
voordatt dé patiënt met de voet contact maakt met het platform. In hoofdstuk 6 werden de 
validiteitt en betrouwbaarheid bepaald van het gebruik van een 1-staps en 2-staps methode 
inn vergelijking met een 3-staps referentie memode in 14 diabetes patiënten met ernstige 
neuropathiee (vibratie perceptie drempel > 35 Volt). De 1-staps en 2-staps protocollen lieten 
vergelijkbaree waarden zien voor de gemeten piekdruk en de integraal van de piekdruk ten 
opzichtee van de 3-staps methode. De reproduceerbaarheid was goed in allee drie protocollen 
mett ICC >0.87 en vergelijkbaar met gerapporteerde waarden voor gezonde proefpersonen. 
Omdatt met het 2-staps protocol de minste herhaalde metingen nodig waren om een goede 
reproduceerbaarheidd te krijgen voor de gemeten druk (ICC >0.85), is dit protocol 
aanbevolenn voor het meten van blootsvoetse druk bij patiënten met neuropathie 

Hoofdstukk  7 beschreef de resultaten van dynamische blootsvoetse drukmetingen bij 
dezelfdee groep patiënten als beschreven in hoofdstuk 5. De piekdruk en de integraal van de 
piekdrukk onder het centrale gedeelte van de bal van de voet waren significant hoger met 
respectievelijkk factor 1.7 en 1.8 bij de patiëntengroep met klauw/hamertenen wanneer werd 
vergelekenn met de groep met rechte tenen. Analyse van de drukvérdeling in de voet liet bij 
dee patiënten met teendeformiteit een drukverplaatsing zien van distaal naar proximaal. 
Verderr werden sterke correlaties gevonden tussen piekdruk enerzijds en de mate van 
klauwen/hameren,, vetweefseldikte onder de metatarsaalkopjes, en de dikte ratio anderzijds. 
Dezee resultaten geven het belang aan van de tenen en de structuren gelegen onder de 
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metatarsaaikopjess voor het functioneren van de voet en laten zien dat patiënten met 
klauw/hamertenenn een verhoogd risico hebben op het ontstaan van wonden in de voet. 
Opp maat gemaakte inlegzolen worden vaak voorgeschreven aan diabetes patiënten met 
neuropathiee en voetdeformiteiten. Weinig is echter bekend over de mechanische werking 
vann deze inlegzolen. Hoofdstuk 8 beschreef het effect van op maat gemaakte inlegzolen op 
dee druk gemeten in de schoen tijdens het lopen bij patiënten met neuropathie en 
voetdeformiteiten.. Op maat gemaakte inlegzolen en simpele platte inlegzolen werden 
vergelekenn bij 20 patiënten met een eerder ulcus óf een hoge blootsvoetse druk onder hét 
metatarsaalkopjéé van dé eerste straal. Hoewel bij gebruik van de op maat gemaakte 
inlegzolenn de piékdruk significant lager was op deze locatie dan bij gebruik van platte 
inlegzolen,, werd het grootste drukveranderend effect van de op maat gemaakte inlegzolen 
gerealiseerdd in regio's die minder risico lopen op het ontstaan van een wond, zoals de 
middenvoett en de hiel. Daarnaast waren deze inlegzolen niet effectief in alle bestudeerde 
voeten;; in één derde van de voeten werd geen drukreducerend effect gerealiseerd onder het 
eerstee metatarsaalkopjé. Een nieuw ontwikkeld algoritme voor het bepalen van 
drukverplaatsingg in de voet bij gebruik van twee typen inlegzolen liet zien dat de 
hielomsluitingg en de voetgewelfonderstëuning in de op maat gemaakte inlegzolen een 
duidelijkee verplaatsing van de druk onder de voet teweegbracht wannéér vergeleken met de 
plattee inlegzolen. Deze bevindingen suggereren dat op maat gemaakte inlegzolen effectief 
kunnenn zijn, maar niet op een voorspelbare wijze, waarmee geconcludeerd wordt dat een 
systematischee biomechanische analyse van de effecten van deze inlegzolen wenselijk is 
voordatt deze voorgeschreven worden aan diabetes patiënten met voetdeformiteiten. 

Inn hoofdstuk 9 werden de belangrijkste bevindingen in dit proefschrift samengevat en 
verderr bediscussieerd en werden enkele beperkingen en klinische toepassingen van dit 
onderzoekk samen met aanbevelingen voor verder onderzoek besproken. 
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Figuree 1 Theory of plantar ulceration in the diabetic foot 
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Chapterr 2 

Figuree 4. Images from the analysis of a non-diabetic control subject (A. C, and E) and an age- and gender-matched 

neuropathicc subject (B. D. and F). A and B: single-echo anatomical T2 images of a metatarsal cross-section. C and D: 

T22 maps generated from all 11 echos with color-coding according to the adjacent legend. In these maps, tendon and 

corticall bone appear as black (T2 <30 ms), muscle and skin as green, yellow, orange, and red (31 ms < T2 < 70 ms), 

andd fat and trabecular bone as white, blue, and dark gray (71 ms < T2 < 130 ms). E and F: segmented images from 

thee multi-component analysis of the T2 maps, with muscle and skin tissue outlined in blue and shaded dark gray. Skin 

tissuee was excluded in the quantification of muscle tissue. 

180 0 



ColorColor figures 

Chapterr  7 

Figuree 1 Anatomical division of the barefoot peak plantar pressure plots in 11 regions (M01-M11). This process was 

donee by automated masking and was checked for every single step. In cases where the mask did not represent an 

anatomicall division on the foot, the mask was manually adjusted. 
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Figuree 2. Peak plantar pressure plots and sagittal plane MRI images of two matched subjects, one with deformity of the 

secondd toe (above) and one with a normally aligned second toe (below). The subject with deformity shows 

substantiallyy higher pressure peaks at the second MTH corresponding with deformity and reduced fat-pad thickness at 

thiss location. 

182 2 



ColorColor figures 

Chapterr  8 

Figuree 2. The anatomically based division of the foot into 10 regions (M01-M10) for the barefoot pressure data (A) and 

thee in-shoe pressure data (B). Note the oblique orientation of M08 in (B), representing hallux valgus deformity. 
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Stellinge n n 

behoren dd bij het proefschrif t 

Foott  deformit y in diabeti c neuropath y 

AA radiologica l and biomechanica ! analysi s 

Siccoo A. Bus 

Amsterdam ,, 17 decembe r 2004 





Dee gevolgen van motorische neuropathie bij diabetes zijn groter dan vaak 
wordtt verondersteld door clinici en onderzoekers (dit proefschrift). 

Alleenn door kwantitatieve analyses kan de relatie tussen structuur en functie in 
dee diabetische voet worden ontrafeld (dit proefschrift). 

"Thee fatter, the better" (M. Maas en dit proefschrift). 

MRII  is een zeer geschikte non-invasieve methode om structuurveranderingen in 
dee voet zichtbaar te maken (dit proefschrift). 

Hett voorkomen van klauw/hamertenen bij diabetes patiënten met neuropathie 
zall  de incidentie van wonden aan de voet verlagen (dit proefschrift). 

Drukmeetanalysess in de schoen zouden een integraal onderdeel moeten zijn van 
hett voorschrijven van op maat gemaakte inlegzolen aan diabetes patiënten met 
neuropathiee (dit proefschrift). 

Pijnn in de neuropathische voet; door sommigen verafschuwd, door velen node 
gemist. . 

Wetenschappelijkk onderzoek dient altijd plaats te vinden op basis van een 
onderzoeksprobleemm en niet op basis van de beschikbaarheid van 
meetapparatuur. . 

Dee grote aandacht voor tijdrovende gerandomiseerde klinische trials gaat ten 
kostee van fundamenteel onderzoek naar een klinisch probleem. 

Promoverenn bestaat uit de Latijnse woorden 'pro' (=voor) en 'movere' (=in 
bewegingg brengen), vrij samengevoegd 'voortbewegen'. Zie daar de specialiteit 
vann de bewegingswetenschapper. 

Nogg 4 jaar George W. Bush als president van de Verenigde Staten zal de 
wereldd niet veiliger maken. 

Collega'ss leer je het beste kennen buiten werktijd om. 

Inn Almelo zijn helemaal geen stoplichten (J. de Graaf) 
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