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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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Introduction 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 
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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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