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ChapterChapter 4 

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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TheThe pathogenesis ofelaw/hammer toe deformity 

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 
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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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