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Abstract
BACKGROUND—In people with diabetes and peripheral neuropathy (DM+PN), injury risk is
not clearly known for weight bearing (WB) vs. non-weight bearing (NWB) exercise. In-shoe peak
plantar pressures (PPP) often are used as a surrogate indicator of injury to the insensitive foot.

OBJECTIVE—Compare PPPs in people with DM+PN during selected WB and NWB exercises.

METHODS—15 subjects with DM+PN participated. PPPs were recorded for the forefoot,
midfoot, and heel during level walking and compared to; WB exercises - treadmill walking, heel
and toe raises, sit to stands, stair climbing, single leg standing; and NWB exercises - stationary
bicycling, balance ball exercise and plantar flexion exercise.

RESULTS—Compared to level walking; mean forefoot PPP during treadmill walking was 13%
higher, but this difference was eliminated when walking speed was used as a covariate. Mean
PPPs were similar or substantially lower for other exercises, except for higher forefoot PPP with
heel raise exercises.

CONCLUSIONS—Slow progression and regular monitoring of insensitive feet are recommended
for all exercises, but especially for heel raises, and increases in walking speed. The remaining WB
and NWB exercises pose no greater risk to the insensitive foot due to increases in PPP compared
to level walking.
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People with diabetes and peripheral neuropathy (DM+PN) have significant amounts of
lower extremity impairments and disability. Insensate feet pose an additional threat for skin
ulcers or injury from unnoticed trauma which can lead to amputations.1-3 The usefulness of
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weight bearing activities, like walking and resistance exercises, in the control of diabetes has
been described by a number of researchers.4,5 The American College of Sports Medicine
(ACSM) and American Diabetes Association (ADA), until recently, discouraged weight
bearing exercises in people with DM+PN due to increased risk of skin injury and
ulceration.6 Several studies, however, have provided evidence in contradiction of this
traditional belief that those with DM+PN should avoid weight-bearing exercise.7-9 A recent
randomized controlled trial showed that a progressive increase in weight bearing activities in
people with DM+PN did not raise the risk of ulceration.8 Based on this growing body of
evidence, the most recent guidelines from the ACSM and ADA promote “moderate
walking” for those with DM+PN.10 Additional research is needed, however, to understand
the potential risk of skin injury due to repetitive stresses during various weight-bearing and
non weight-bearing exercises.

In – shoe plantar pressure measurement is often used as a proxy to identify areas of high
pressure and potential injury to insensate feet.3,11,12 Some studies have measured plantar
pressures during level walking and daily life activities like stair climbing, ramp walking and
turning in people with DM+PN.13,14 Burnfield and colleagues quantified peak plantar
pressures in healthy adults across five different cardiovascular exercises – treadmill walking,
running, elliptical training, stair climbing and recumbent biking.15 However, to the best of
our knowledge, no such study has been done in people with DM+PN to examine the plantar
pressures during exercises.

The purpose of this study was to determine the in-shoe plantar pressures during selected
forms of weight bearing (WB) and non-weight bearing (NWB) exercises in people with DM
+PN. We hypothesized that the plantar pressures during weight bearing exercises will be
higher than non weight bearing exercises, but not greater than level walking. Understanding
the plantar pressures during various exercises can help to design optimal exercise programs
and purposeful loading of plantar tissues for this population with lower extremity
impairments that are at risk of unnoticed foot injury.

METHOD
Participants

Fifteen subjects participated in this study [8 men/7 women; mean age 67.4 (12.8); BMI 34.6
(7.1)]. Participants were recruited from the Diabetic Foot Center, Diabetes Research and
Training Center and Volunteers for Health at Washington University School of Medicine,
and BJC health system in St. Louis, MO. This study was part of a larger randomized control
study investigating the effect of exercise on DM+PN. Subjects who had a history of severe
foot deformity, current foot ulcer, Charcot neuroarthropathy or partial foot amputation that
would require custom therapeutic footwear and anyone who was physically unable to
tolerate one and half hour of activity testing, were excluded. All subjects had mild to
moderate fore foot deformity (i.e., hammer or claw toe). One subject with bilateral fifth toe
amputation was included because the metatarsals were intact in both feet and this individual
did not require custom footwear. Three subjects had a history of foot ulcer which had been
healed for a minimum of six months. All subjects read and signed the consent form
approved by the Human Research Protection Office at Washington University in St. Louis.
Patient demographics are illustrated in Table 1.

Assessments
Peripheral Neuropathy—Sensation was tested using Semmes-Weinstein Monofilaments
and a Biothesiometer. Peripheral neuropathy was characterized by the inability to sense the
5.07 Semmes-Weinstein monofilament on at least one spot on the plantar surface of the foot
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and a vibration perception threshold at the plantar great toe of more than 25 volts, as
measured by the Biothesiometer which has a maximum value of 50 volts.9,16 The mean
vibration perception threshold for this group was 45.1 (8.4) volts (Table 1) indicating a
severe level of sensory neuropathy.

Footwear Assessment—Pressure testing was conducted in the subject’s own footwear
after ensuring the size and fit of the shoe were adequate using previously described
criteria.17,18 Therapeutic footwear is generally an important treatment component for people
with DM+PN who have a history of ulceration.17 In people with DM+PN that have no
history of ulcer, some studies have shown that custom therapeutic footwear and inserts do
not provide additional reduction of ulcer risk as compared to subjects’ usual footwear.18,19

Therefore, we conducted the study in subjects’ habitual footwear that was checked for
excessive wear, fit of foot to the shoe (appropriate length, width, and depth of toe box), and
accommodation of bony deformities. For description purposes, the footwear was classified
into three categories: prescribed shoes with insoles, and standard, well fitting shoes with or
without custom insoles. Nine subjects wore standard shoes without custom insoles, three
wore standard shoes with custom insoles, and three wore prescribed shoes with custom
insoles (Table 1).

Plantar Pressure testing—Plantar pressures on both feet were collected during selected
exercise conditions using the F-SCAN system (Tekscan, South Boston, MA, USA) with
methods that have been previously described and validated.20,21 Each pressure sensor was
0.15 mm thick, contained 954 sensels and measured pressure over a range 0-862 KPa. A
new pressure sensor, cut to each subject’s shoe size, was placed inside each subject’s shoes.
The sensors were connected to a computer via a 20 feet long cable. The sensors were
calibrated, at the beginning and midway through the test or as needed, according to the
manufacturer guidelines and standardized techniques.20 Plantar pressures were collected at
50 Hz. Two trials of level walking across a distance of 6.1-m (20 feet) with at least five
steps each were collected at 50 Hz to record pressure data and calculate walking speed. The
mean walking speed was 0.85 m/s (0.08). Data were then collected during WB exercises -
treadmill walking (ICON Health and Fitness, West, Logan, UT, USA), heel and toe raise
exercise, sit to stands, stair climbing (using step stools, 5.5″ step height and 7.5″ step
width), single leg standing (15 seconds), and NWB exercises - stationary bicycling (upright
(ICON Health and Fitness, West, Logan, UT, USA) and recumbent (Schwinn, Olney, IL,
USA), balance ball (Theraband ®, Hygenic Corporation, Akron, Ohio, USA) exercise
(lifting one leg at a time with arms crossed across the chest) and plantar flexion with a
resistance band (Theraband ®, Hygenic Corporation, Akron, Ohio, USA).

Each participant was allowed to use the treadmill, upright bike and recumbent bike exercises
before the test, to ensure appropriate seat alignment and self-selected speed settings, which
was comfortable for the participant. The participant was asked to score his/her workout on a
Borg scale of 6-20 in order to get a rate of perceived exertion. They were instructed (and
monitored) to exercise at level 12-13 (somewhat hard) on the Borg scale.6 These instructions
were given to establish consistent intensity levels over a “typical” 30-45 minute workout
session for the treadmill, upright bike and recumbent bike exercises. Before the exercise
session, each participant’s height, weight, date of birth, medical history, resting blood
pressure and resting heart rate was recorded.

The order of WB and NWB exercises were randomized. A brief demonstration and practice
session was given prior to each exercise. Appropriate rest periods were given between
exercises. Data were collected for at least ten walking and bicycle rotation cycles, during the
middle 1 to 2 minutes of exercise on the treadmill and stationary bicycles. Plantar pressures
were collected for a period of 15 seconds during single leg standing. For all other exercises,
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a minimum of five trials were collected. Heart rate was monitored during all exercises and
walking speed on the treadmill was recorded because walking speed is known to affect
plantar pressures.22

Data analysis
Plantar pressure data were analyzed using the F-Scan Mobile Research software (ver. 5.72;
Tekscan, South Boston, MA, USA). Each foot was divided into three primary anatomical
areas that might be affected differently by the various exercises defined as; forefoot (distal
40% of the total length), midfoot (middle 30% of the total length) and heel (proximal 30%
of the total length). The peak plantar pressures (PPP) were calculated during WB and NWB
exercises for each anatomical region of the foot. A mean of three trials during the middle
portion of the exercise was used to calculate the mean PPP for each anatomical region on
each foot.

Statistical analyses were performed using Systat software (Systat Software, Inc., Chicago,
IL, USA) for Windows (ver. 13.0). Descriptive statistics (mean, standard deviation, range)
were used to characterize PPPs across the different anatomical regions during exercises.
There were no differences between right and left foot mean PPPs, hence only mean PPPs for
the right foot were included in further analysis. Data was analyzed for normality using the
Shapiro-Wilk test for normality. Mean PPPs during exercises were compared to the mean
PPP during level walking. A repeated measures analysis of variance (ANOVA) was
conducted for the dependent variable (peak plantar pressure) to determine significant
differences across exercise conditions, for each anatomical region. Post-hoc t-tests were
performed when the ANOVA indicated significant differences in PPPs between exercise
conditions; i.e., protected t-test under the umbrella of a significant F test.22 Post-hoc, within
each anatomical foot region, the mean PPP was compared between each exercise condition
and level walking. One participant was removed from the ANOVA analyses due to missing
data (could not perform heel raise exercise). In addition, a post-hoc repeated measures
analysis of covariance was conducted for the comparison of mean PPPs between treadmill
walking and level walking to determine if walking speed (covariate) affected the results. The
statistical significance was set at P<0.05 for all testing.

RESULTS
The mean PPPs were significantly different across the selected exercise conditions for each
area of the foot (P<0.01, Table 2).

Comparison of forefoot plantar pressure across exercises
The mean forefoot PPP during level walking was 230.5 (62.1) KPa (Table 2). During
treadmill walking, the mean PPP increased 13.2% (P<0.05), when compared to level
walking, but these differences were eliminated when walking speed was used as a covariate
(P>0.05). The mean forefoot PPP was 27.2% (P<0.01) higher during heel raise exercise as
compared to level walking. Forefoot mean PPPs decreased during toe raise exercise, −74.8%
(P<0.01); single leg standing, −35.1% (P<0.05); stair climbing, −12.1% (P<0.05); sit to
stand, −59.6% (P<0.01); recumbent bike, −74.3% (P<0.01); upright bike, −83.4% (P<0.01);
plantar flexion exercise, - 83.4% (P<0.01) and balance ball exercise, −79.8% (P<0.01) when
compared to level walking (Table 2, Fig 1).

Comparison of midfoot plantar pressure across exercises
The mean midfoot PPP during level walking was 113.5 (66.6) KPa (Table 2). The mean
midfoot PPPs for treadmill walking, heel raise exercise, single leg standing, and stair
climbing, were not different when compared to level walking (P >0.05, Table 2). When
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compared to level walking, midfoot PPPs decreased for toe raise exercise, −48.2% (P<0.01);
sit to stand, −47.2% (P<0.01); recumbent bike, −57.9% (P<0.01); upright bike, −67.9%
(P<0.01); plantar flexion exercise; −82.5% (P<0.01) and balance ball exercise, −79.3%
(P<0.01, Table 2, Fig 1).

Comparison of heel plantar pressures across exercises
The mean heel PPP during level walking was 169.5 (47.4) KPa. In the WB exercises, heel
PPP was unchanged for treadmill walking, toe raise exercise, and for single leg standing
compared to level walking (P >0.05). The mean heel PPP was reduced for heel raise
exercise, - 35.8% (P<0.01); stair climbing, −29.2% (P<0.01) and sit to stand, −35.2%
(P<0.01) when compared to level walking. In the NWB exercises, mean heel PPPs were
reduced for all exercises; recumbent bike, −83.2% (P<0.01); upright bike, −77.6% (P<0.01);
plantar flexion exercise, -79.5% (P<0.01) and balance ball exercise, -69.1% (P<0.01) as
compared to level walking (Table 2, Fig 1).

DISCUSSION
To the best of our knowledge, this is the first study to examine plantar pressures during
exercises in people with DM+PN. The results from this study show that the mean forefoot
PPP during treadmill waking was 13% higher than during level walking. However, when
walking speed was used as a covariate, this difference no longer remained significant.
Compared to level walking, heel raise exercise led to 27% higher mean PPP at the forefoot
region. For all other WB exercises, i.e. toe raise exercise, single leg standing, stair climbing
and sit to stand exercise, mean PPPs were no different than the mean PPP during level
walking. Mean PPPs for all the NWB exercises; i.e. stationary biking, plantar flexion
exercise and balance ball exercise were significantly lower (58 % to 83 %) compared to WB
exercises and level walking.

In this study, forefoot PPP during treadmill walking was 13% higher than during level
walking. Studies have shown that walking speed affects plantar pressures; higher speeds are
associated with higher PPPs.23 Our participants walked at a mean walking speed of 0.85 m/s
(0.08) versus 1.01 (0.28) m/s during treadmill walking (P < 0.05, Table 1). Accordingly,
when walking speed was used as a covariate in the repeated measures analysis, the
difference in the forefoot mean PPP between level walking and treadmill walking was not
significant (P>0.05). Our results for the mean forefoot and midfoot PPPs were similar to
those measured by Burnfield et al in healthy older adults during treadmill walking (Forefoot;
260.9 KPa vs. 256 KPa and Midfoot; 121.9 KPa vs. 125 KPa; Table 2); while, mean heel
PPP was lower in our participants (170.7 KPa vs. 215 KPa, Table 2).15 Past research has
shown that people with DM+PN walk slower compared to their healthy, age matched
controls.24 Likewise, participants in our study walked slower compared to the participants in
the Burnfield et al study (1.01 m/s versus 1.5 m/s). Although PPP at the forefoot is known to
be higher in people with DM+PN than those without DM+PN;1 lower heel PPP recorded in
this study may be associated with slower walking speeds when compared to the Burnfield et
al study. Because PPPs were similar for treadmill walking compared to over ground level
walking in people with DM+PN, we believe the treadmill is a safe alternative, but
neuropathic feet should be monitored especially carefully with an increase in walking speed.

Compared to level walking, heel raise exercises resulted in higher PPPs at the forefoot
(27%). During heel raise exercises, the contact area between the foot and surface decreases,
resulting in high, localized PPPs. However, the benefit of these exercises in this population
should not be overlooked.25 Strength of the plantar flexor muscles decreases in people with
DM+PN and in older adults.24 Ankle plantar flexor muscle strength is particularly important
during chair rising, stair climbing and walking.26 Additionally, in people with DM+PN,
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weakness of dorsiflexor muscles may contribute to early “slapping of the foot” during gait,
specifically when the foot makes contact with the surface,27 justifying the inclusion of toe
raise exercises to improve the dorsiflexor muscles strength. Thus, based on these results,
heel and toe exercises may be included in an exercise program for people with DM+PN. We
acknowledge that individual characteristics (for example, deformity and open lesions) may
be a contraindication for these exercises.

For the remaining WB exercises, i.e., stair climbing, sit to stand and balance exercises, the
mean PPPs were no different from level walking. For stair climbing, mean PPPs we
recorded were similar to those reported in two previous studies,13,14 but were higher than
the plantar pressures measured by Burnfield et al.15 One reason for this difference may be
because our participants walked with minimal to no hand support. For the sit to stand
exercise, our results are similar to those reported previously by Rozema et al.28 In both these
studies, mean PPPs during rising from a chair and sitting down were lower than level
walking. Studies suggest that individuals with diabetes have some amount of physical
disability reflected in their inability to climb a flight stairs or rise from a chair.26 Thus,
including stair climbing and sit to stand exercises in the exercise routine could improve
functional capabilities of people with DM+PN. For the balance exercises, relatively low
PPPs recorded in our study match those reported by Mao et al, measured in a group of Tai-
chi practitioners performing single leg standing.29 In both studies, mean PPPs for single leg
standing were lower than level walking at the forefoot and heel. Balance impairments and
risk of fall are high in people with DM+PN.30, 31 The ability to stand on one leg is an
important predictor for falls32 and single leg standing can be used as part of an exercise
program.25 Evidence exists indicating that balance can be improved with exercise in people
with DM+PN.25, 33,34

As expected, mean PPPs during NWB exercises were much lower than during WB exercises
and level walking. The mean PPPs measured during recumbent biking were similar to those
measured by Burnfield et al in healthy older adults.15 The mean PPPs during upright biking
and recumbent biking were substantially lower than level walking indicating that the
stationary biking is a good method to provide aerobic exercise without stress to the plantar
foot. The mean PPPs, for the plantar flexion exercise and alternating ‘marching’ of the feet
while being seated on a balance ball, were approximately 80% less than for level walking in
all foot regions. Seated balance exercises on a balance ball are beneficial as they activate
core abdominal muscles which may help improve balance control.25 As noted above,
strength of plantar flexor muscles is reduced in people with DM+PN.24 Resistance exercises
with an elastic band may be used as an alternative to heel raise exercise, when reduction in
plantar pressure is advised; for example when a patient has a forefoot ulcer or severe
deformity.

The rationale for fostering WB exercises in people with DM+PN can further be explained by
Mueller and Maluf’s “Physical Stress Theory”.35 When the intensity of exercises
(magnitude, duration and number of repetitions) is gradually increased; the tissue (in the
case of this study, skin) would become more tolerant to subsequent stresses. Further support
to provide WB exercise for people with DM+PN is provided by LeMaster et al who found
that increased WB activities did not increase the risk of foot ulceration.8 Recent ACSM and
ADA guidelines also recommend WB exercises in people with DM+PN.10 Thus, careful
monitoring and slow progression of exercises could help to reduce the incidence of skin
breakdown in people with DM+PN who do not have an active ulcer, but additional research
is needed to test this speculation.

While this study provides some insight to the mean PPPs during WB and NWB exercises,
some limitations should be considered. Firstly, PPP measurement is used as a surrogate
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measure to predict skin breakdown and ulcer formation. Skin breakdown depends on
multiple factors including foot deformity, altered sensation, limited joint mobility and
abnormal pressures.1-3,23,36 Our study cohort included a variety of individuals who had mild
to moderate foot deformities, decreased sensation and possible limited joint mobility. We
acknowledge that the sample size is small (n=15) and there were a few outliers in our data.
Nonetheless, the results were essentially the same with the use of non parametric statistics
(Friedman test and post-hoc Wilcoxon signed rank test) or parametric statistics (ANOVA).
Due to the high effect size observed between level walking and the different exercise
conditions, we believe that our results are a good representation of the PPPs in people with
DM+PN, who do not have an active ulcer or severe foot deformity. Our results may not be
generalized, however, to people with DM+PN that have severe joint deformity, Charcot
neuroarthropathy, or partial foot amputation. Plantar pressures are known to be higher in
these individuals. Further studies are needed to examine the effect of WB exercises in these
individuals. Additionally, we did not measure cumulative forces over a typical 30-45 minute
exercise session. However, we would not expect plantar pressures to change substantially
during that amount of time the participants were tested, and we believed that these subjects
would be unable to tolerate a full intervention of every exercise. Nonetheless, we
acknowledge that increased risk for plantar ulceration is dependent on both magnitude and
duration of exercise. Clinicians should take both these variables into account when
prescribing exercises to people with DM+PN.

In conclusion, the results of this study provide some guidance regarding risk of injury to the
insensitive foot during various exercises. The mean forefoot PPP during treadmill walking
and during heel raise exercises were higher than during level walking. After adjusting for the
difference of walking speed between treadmill and level walking, the mean forefoot PPP
was no different from level walking. For all other WB and NWB exercises, mean PPPs were
either similar or significantly lower than level walking. Toe raise exercise, single leg
standing, stair climbing and sit to stand exercises pose no greater risk, i.e. no greater PPP, to
the insensitive foot compared to level walking. Based on these results, we recommend slow
progression and careful monitoring of the feet for all exercises, but especially for heel raise
exercises; and increases in walking speed. NWB exercises (stationary bicycling, resistance
band exercises and balance ball exercises) may be recommended for people with DM+PN
who have severe foot deformity or an acute ulcer, as these exercises provide greater
reductions in plantar pressures than WB exercises.
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Figure 1. Plantar pressures compared to level walking
Data represented as percentages.
PPP=Peak plantar pressure; TM=treadmill walking; HR=heel raise; TR=toe raise; SL=single
leg standing; SC=stair climbing; SS=sit to stand; RB=recumbent biking; UB=upright biking;
PF=plantar flexion exercise; BE=balance ball exercise.
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Table 1
Subject Characteristics

Number of participants 15

Age (yrs) 67.4 (12.8)

BMI (kg/m2) 34.6 (7.1)

Gender (M/F) 8/7

Duration of DM (yrs) 13.7 (8.5)

History of ulcer N=3

Footwear Standard shoe without custom insole N= 9
Standard shoe with custom insole N= 3
Prescribed shoe with custom insole N= 3

Vibration Perception Threshold
(Volts)

45.1 (8.4)

Level walking speed (m/s) 0.85 (0.08)

Treadmill walking speed (m/s) 1.01 (0.28)*

Data represented as means (SD) unless otherwise indicated.

*
indicates a difference in the level walking and treadmill walking speeds based on t-test results. (P < 0.05)
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