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Abstract

Diabetic foot ulcers are known to have a biomechanical etiology. Among the mechanical factors that
cause foot lesions, shear stresses have been either neglected or underestimated. The purpose of this
study was to determine various plantar pressure and shear variables in the diabetic and control groups
and compare them. Fifteen diabetic patients with neuropathy and twenty non-diabetic subjects
without foot symptoms were recruited. Subjects walked on a custom built platform capable of
measuring local normal and tangential forces simultaneously. Pressure-time integral quantities were
increased by 54% (p=0.013) in the diabetic group. Peak AP and resultant shear magnitudes were
found to be 32% larger (p<0.05) even though diabetic subjects walked at a slower velocity. Lower
AP and ML stress range (peak-to-peak) values were observed in the control subjects (p<0.05). Shear-
time integral values were increased in the diabetic group by 61% and 132% for AP and resultant
shear cases, respectively (p<0.05). Plantar shear is known to be effective in callus formation which
has previously been associated with higher ulcer incidence. During gait shear forces are induced with
twice the frequency of pressure characteristically. Therefore, plantar shear should be investigated
further from a broader perspective including the temporal specifics and fatigue failure characteristics
of the affected plantar tissue.
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Introduction

Diabetic foot complications continue to impair patients' lives and burden the healthcare system.
In the U.S.A. alone, in 2002 there were at least 82,000 diabetes related lower extremity
amputations. The initiating factor in more than 85% of these amputations was a foot ulcer
(Apelgvist and Larsson, 2000). The etiology of diabetic foot ulcers is still being investigated;
however the major contributing factors are believed to be the presence of peripheral neuropathy
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and mechanical stresses acting on the sole of the foot. In fact, Brand has held “repetitive
moderate stresses” responsible for tissue breakdown (Brand, 1979).

Despite the fact that the plantar foot experiences three dimensional force vectors during gait,
only the vertical component has been studied thoroughly. This may be attributable to the fact
that measurement of the horizontal components, anteroposterior (AP) and mediolateral (ML)
shear, is technically challenging (Perry et al, 2002).

Studies that have tried to associate the only measurable stress component with ulcer occurrence
did not yield promising outcomes (Veves et al, 1992; Armstrong et al, 1998; Lavery et al,
2003). Even though elevated pressure levels have been shown to increase ulceration risk, only
a relatively low correlation was seen between the maximal pressure sites and the prospective
ulcer sites (Veves et al, 1992; Murray et al, 1996). As a result, foot pressure by itself has been
labeled as a “poor tool” in the prediction of diabetic ulcers and where they occur (Lavery et
al, 2003).

In the previous plantar shear studies, peak shear stress values were chosen as the major
indicative parameter similar to the pressure studies (Lord and Hosein, 2000; Laing et al,
1992). The results reported by these studies, however, probably yielded an underestimation of
plantar shear since maximal stress values do not reveal the application duration or frequency
content of the ground reaction forces. To evaluate shear appropriately, it is essential to focus
on its temporal characteristics. During a single stance the same local area under the foot can
experience stresses in opposite directions, such as due to braking forces in the contact phase
and propulsive forces in the push-off phase. This clearly indicates that for a single step the
frequency of both AP and ML shear is twice that of pressure. This phenomenon can also be
observed in ground reaction force plots.

In order to eliminate the underestimation of plantar shear this study has focused on the stress
range, which will be noted as the “peak-to-peak” shear (Figure 1). As a secondary parameter,
for the same purpose, shear-time integral has been examined. The aim of this work was to
investigate whether these two parameters differ between diabetic and control subjects.

Research Design and Methods

Fifteen subjects diagnosed with diabetic neuropathy and twenty subjects with no clinical foot
symptoms were recruited for the study. Peripheral neuropathy was assessed by testing the
subjects' feet with a 5.07 Semmes-Weinstein monofilament and a biothesiometer according to
Armstrong et al (1998b). Individuals with active foot ulcers, gross foot deformities (minor
clawing of the toes was permissible), prior foot surgeries and foot pain were excluded from
the study. The protocol was explained to the volunteers before their participation and each
signed an informed consent form which was approved by the Institutional Review Board. There
was no significant difference in the body mass index values (BMI) between the two groups
(p=0.064). Detailed patient characteristics are shown in Table 1.

A custom built shear and pressure platform, 80 sensors (12.5mm x 12.5mm) arranged in an
8x10 array, was used to collect local barefoot forces acting on the foot-ground interface. The
data recorded by the platform had an average error percentage of 1.0%, 4.6% and 5.0%
respectively for pressure, anteroposterior and medio-lateral shear channels. The detailed
specifications of the system have been described elsewhere (Yavuz et al, 2007). Forefoot of
the subjects was of primary interest since diabetic ulcers most frequently occur in this area
(Oyibo et al, 2001; Caselli et al, 2002). The 2-step method was preferred in data acquisition
(McPoil et al, 1999; Bus et al, 2005). The tests were carried out at self selected speeds for only
one foot (left or right) with 3 trials for each subject.
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Resultant shear stress magnitudes were calculated by vector addition of AP and ML shear
stresses. Peak pressure and shear stresses were found by picking the maximal absolute values.
AP and resultant (RES) shear-time integral (ST1) and pressure-time integral (PTI) values were
determined for each transducer and maximal values were obtained. PT1and ST1 were calculated
by implementation of the trapezoidal rule over the shear stress curves using 99 subdivisions.
Duration of the stance was identified by the time period from initial contact on the platform
until the foot was off the device.

Peak-to-peak (pp) AP stress was determined by adding the absolute values of maximum

anterior stress and maximum posterior stress measured on each transducer (Figure 1). pp ML
was calculated similarly by adding maximum medial and lateral stresses. Maximal pp AP and
ML stress magnitudes of a subject were picked among the sensor-by-sensor calculated values.

An ANOVA test with a significance level of 0.05 was performed on all of the variables to
reveal any differences between the diabetic and the control groups. Minitab™ (Minitab Inc,
PA) was used to carry out statistical tests.

No significant difference (p=0.083) was found between the groups with regard to peak pressure
even though the diabetic group had a 23% greater mean value. Mean PTI, however, was 54%
higher in the diabetic group (p=0.013).

Peak AP and resultant shear magnitudes were observed to be 33% and 31% larger in the diabetic
group respectively (p=0.014 and p=0.016) even though mean walking speed was less than of
the control group (p=0.008). Peak-to-peak stress variables showed a similar trend with an
approximate increase of 30% in the diabetic individuals. Statistical analysis yielded significant
p values both in pp AP and ML shear cases (Table 2).

The increase in the shear-time integral magnitudes was more dramatic. AP and RES ST1 values
were shown to have elevated by 132% and 61%, respectively, both of which were also
significantly different.

Discussion

The plantar foot experiences cyclic loading during walking. Among the force components that
the plantar aspect of the foot bears, AP and ML shear fundamentally acts twice as frequently
as the normal force. This phenomenon might yield to fatigue failure in the skin and the
underlying tissues. In fact, investigators have suggested fatigue failure by explaining the
formation of diabetic lesions and referring to “repetitive moderate stresses” as the major factors.
In this study temporal shear parameters have been the main focus, which are thought to be
valuable in the prediction of ulcer formation as they disclose the characteristics of cyclic
tangential loading.

Surprisingly the results of the present study did not show a significant difference between the
diabetic and control groups regarding peak pressure. However mean peak pressure within the
former group was 23% higher. Ctercteko et al (1981), Pitei et al (1999) and Rahman et al
(2006) reported similarly lower rates of peak pressure increase (8%, 32% and 15%,
respectively) in diabetic subjects.

Higher peak AP and RES shear values have been observed in the diabetic patients even though
they walked about 15% slower than the control subjects. The elevated magnitudes of PTI and
STI can be partly explained by the increase of contact time. Stress localizations under
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prominent regions of the foot might also result in increased magnitudes; however, such regions
were not identified in this study.

In general, increase in pressure variables (peak pressure and PTI) was less than the increase
observed in their shear counterparts (peak AP and RES shear, AP and RES STI). As foot
pressure alone has been defined as a “poor” indicator for diabetic ulceration, plantar shear
might be more beneficial in predicting ulcers. Moreover, the differences in the locations of
peak pressure and shear stress in diabetic patients (Yavuz et al, 2007b) might explain why only
moderate correlations between the locations of peak pressure and ulcer have been observed in
previous studies (Armstrong et al, 1998; Lavery et al, 2003; Murray et al, 1996).

Itis now well documented that diabetic ulcers frequently occur at the same locations with callus
(Murray et al, 1996). Early lichenification and hyperkeratosis studies suggest that application
of frictional shear forces result in callosities (Goldblum et al, 1954; Mackenzie et al, 1974). In
another study by Goldstein and Sanders (1998) where constant pressure and cyclic shear has
been applied to animal skin, it has been shown that tissue breakdown occurred earlier when
shear forces were increased.

The current study had certain limitations related to the spatial resolution and overall size of the
platform. Only barefoot locomotion was assessed and subjects were permitted to visually aim
the platform. The decision was based on the report by Grabiner et al (1995) which has shown
that targeting of a force plate did not produce different ground reaction force data.

The mean age of both groups differed by 14.7 years. However there was no significant
correlation between the shear variables and age of the individuals in both groups. There was
however a single exception to this with the RES variable in control group. In this specific case,
RES decreased slightly with age in control subjects. This implicated that a control group with
a higher mean age would most possibly increase the statistical significance.

Insummary, this study measured shear-time integral and shear stress range on the plantar aspect
of human feet. Our results indicate that diabetic subjects have significantly higher peak-to-
peak AP and ML shear magnitudes and dramatic increases in shear-time integral values. In
this regard, plantar shear has the potential to fill gaps in our understanding of the complex
etiology of plantar ulceration.
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Figure 1.

Pressure and shear (AP) curves of a representative diabetic subject obtained by a single
transducer. ppAP shear was determined by adding the absolute values of maximum anterior
and posterior shear magnitudes for each transducer.
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Table 1
Characteristics of the subjects
Diabetic Control

No of subjects| 15 (10 Type I, 5 Type 1) 20
Gender 3f, 12m 8f, 12m
Age (years) 60.5+10.1 (44-73) 45.8+19.8 (17-82)
BMI 29.2+8.0(19.6-50.7) 249+34(17.3-33.7)
Weight (kq) 90.6 +24.6 (60.4-140.7) 74.6 +11.2 (59.0-106.7)

Values are presented as the mean + standard deviation, with the range in parentheses.
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Comparison of the shear stress variables among control and diabetic groups
Control Diabetic p value

Pressure (kPa) 497.5 (135.2) 614.2 (246.6) 0.083
AP Shear (kPa) 62.3 (15.8) 83.3 (31.2) 0.014
RES Shear (kPa) 70.0 (19.8) 92.1 (31.6) 0.016
AP STI (kPa.s) 11.8 (4.6) 27.4 (16.6) 0.000
RES STI (kPa.s) 22.1 (5.8) 35.6 (15.1) 0.000
pp AP Shear (kPa) 70.2 (17.3) 91.6 (32.8) 0.018
pp ML Shear (kPa) 50.6 (15.1) 63.6 (18.7) 0.030
PTI (kPa.s) 167.3 (54.1) 257.9 (141.8) 0.013
Stance duration (sec) 0.72(0.10) 0.83 (0.14) 0.008

Values are presented as the mean with the standard deviation in parentheses.
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