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Introduction: Patients with diabetes and diabetic peripheral neuropathy (DPN) place their feetwith less accuracy
whilst walking, which may contribute to the increased falls-risk. This study examines the effects of a multi-
faceted intervention on stepping accuracy, in patients with diabetes and DPN.
Methods: Forty participants began the study, of which 29 completed both the pre and post-intervention tests, 8
patients with DPN, 11 patients with diabetes but no neuropathy (D) and 10 healthy controls (C). Accuracy of
steppingwasmeasured pre- and post-intervention as participantswalked along an irregularly arranged stepping
walkway. Participants attended a one-hour session, once a week, for sixteen weeks, involving high-load resis-
tance exercise and visual-motor training.
Results: Patients who took part in the intervention improved stepping accuracy (DPN: +45%; D: +36%) (p b

0.05). The diabetic non-intervention (D-NI) groupdid not display any significant differences in stepping accuracy
pre- to post- the intervention period (−7%).
Discussion: The improved stepping accuracy observed in patients with diabetes and DPN as a result of this novel
intervention, may contribute towards reducing falls-risk. This multi-faceted intervention presents promise for
improving the general mobility and safety of patients during walking and could be considered for inclusion as
part of clinical treatment programmes.
© 2019 The Authors. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
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1. Introduction

Patients with diabetic peripheral neuropathy (DPN) are up to 20-
times more likely to fall than age-matched controls, and approximately
half of all falls are due to tripping whilst walking,1,2 which is related to
the accuracy of stepping. Falling can result in serious injury, and even
death.3,4 Further to the consequences of falling, is the considerable eco-
nomic burden to national health bodies. Therefore, a means by which
the number of falls in this population can be reduced is of importance.

The frequency of tripping is a major contributory factor to the prob-
ability of falling.5,6 Hence, if the frequency of tripping can be reduced
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through more accurate foot placements, then likely, so will the risk of
falling. A key approach to reducing the risk of tripping is to improve a
patient's ability to avoid obstacles before they actually trip over them
through improved visual gaze and more accurate stepping. Patients
with DPN displayed a decreased stepping accuracy, which is indicative
of a reduced ability to avoid observed obstacles.7 This reduced capacity
to move the foot where desired with appropriate accuracy is thought to
be caused by impaired motor control of the lower limbs and an altered
visual gaze strategy with diabetic peripheral neuropathy. We
hypothesised that if the motor control and visual gaze strategies can
be improved to approach those employed by a healthy population,
stepping accuracy may therefore be consequently improved.

Resistance exercise training to increase lower limb muscle strength
is expected to improve motor control and increase the accuracy of
stepping.6,8–10,12 Resistance exercise and balance training can improve
walking speed, muscle strength, reduce postural sway and improve ac-
tivity levels,11–13 but no studies have looked at the effects on stepping
accuracy in diabetes patients. Patients with cerebellar and vestibular
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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dysfunction and healthy young adults have displayed improvements in
walking speed, postural stability and stepping accuracy in response to
visual gaze-based training.14–16 It is hypothesised that resistance exer-
cise and visual gaze training may be beneficial for stepping accuracy in
patientswithDPN. The intentionwas to encourage patients to use vision
morewith thepurpose of planning ahead, aswell as their current use for
‘feedback’ of foot position.6 Visual gaze exercises were performed with
the aim of altering visual gaze strategy, teaching patients to visually
plan their stepping route before walking. It is hypothesised that such
training will improve the use of vision during walking, and motor con-
trol of the lower limbs, leading to an improved stepping accuracy.

This aim of this study was to examine the potential utility of a com-
bined visual gaze and resistance exercise training programme at im-
proving the accuracy of foot placement during walking.
2. Material and methods

2.1. Participants

Ten patients with DPN (4males) (mean± SD age: 56.8 ± 9.6 years;
and BMI: 28.9± 4.6 kg·m−1), 20 patients with diabetes but no neurop-
athy (5males) [D] (mean± SD age: 58.9± 11.7 years; and BMI: 27.2±
3.8 kg·m−1) and 10 healthy controls (4 males) [C] (mean ± SD age:
66.3 ± 11.5 years; and BMI: 25.1 ± 3.1 kg·m−1) gave their written in-
formed consent to participate in this study, which was given ethical ap-
proval from the UK National Health Service Research Ethics Committee
(NHS REC reference: 11/NW/0686). A healthy control group was in-
cluded to provide a reference condition, displaying ‘optimal’ perfor-
mance, providing a comparison to pre- and post-intervention
characteristics of patients with diabetes. Inclusion criteria were pres-
ence of diabetes for N10 years, absence of diabetes for thematched con-
trol group. Patients were excluded if they had open ulcers, required the
use of a walking aid, had a history of other disorders affecting gait, or a
visual acuity of b6/18 (of any aetiology).
2.2. Neuropathy assessment & classification

The presence and severity of neuropathy was measured using two
separate tests: the modified Neuropathy Disability Score (mNDS),17,18

and the Vibration Perception Threshold (VPT)17,18 using a
neurothesiometer (Horwell, Nottingham UK). Patients were deemed
to have moderate to severe neuropathy and grouped as DPN if in either
one or both of their feet they displayed either anmNDS score of ≥6, or a
VPT of ≥25 V (or both). Patients were deemed to have no neuropathy
and were grouped as D, if in both feet they displayed scores for the
mNDS of ≤5 and for the VPT of ≤24 V.17,18
Fig. 1.Diagram showing an over-head schematic view of the steppingwalkway used for the step
The irregularly arranged stepping targets are shown by the black dots and are numbered in orde
the direction shown, finishing at L9 and R9. ‘L’ and ‘R’ on the targets denote that they should b
2.3. Pre- and post-testing procedures

Retro-reflective markers were attached to the participant's feet (8
on each foot) according to standard motion analysis preparation
methods. Three-dimensional marker positions were then tracked dur-
ing the stepping accuracy task described below, by a ten-cameramotion
capture system recording at 100 Hz (Vicon Nexus, Vicon, Oxford, UK).
All participants wore specialist diabetic shoes (MedSurg, Darco,
Raisting, Germany)with a neutral foot-bed, to standardise footwear be-
tween groups, and to ensure that the diabetic patients walked with ap-
propriate footwear.

Participants were asked to walk along a 7 m long walkway with
stepping targets designed to specifications by Marple-Horvat &
Crowdy19 (Fig. 1) and previously applied to diabetes patients,7 until
five trials were captured. Each participant was given the same instruc-
tions: “walk at your natural speed, stepping on each of the targets as ac-
curately as possible.” Participants performed five trials of which three
were used for analysis. Kinematic data of foot position were captured
from the middle six stepping targets from a total of eighteen (R4, L4,
R5, L5, R6, L6)19 (Fig. 1).
2.4. Multi-factorial intervention

Diabetes patients were randomly allocated into either the interven-
tion group or a control non-intervention group using a random number
generator. Twenty-four participants were allocated into the interven-
tion group (D-INT, n = 17; and DPN-INT, n = 7), and seven (D: n =
4; DPN: n = 3) were allocated into the diabetic control group (D-NI).
Due to the relatively small number of patients within the diabetes con-
trol group, data fromD and DPN patients were combined and presented
as a single diabetic control group (D-NI; n= 7). Based upon a power
calculation, sample size was considered sufficient to analyse the in-
tervention group data separately as D and DPN groups (D-INT and
DPN-INT). To determine the adequacy of the group samples, the
post-hoc statistical power to detect pre-to-post intervention differ-
ences in stepping accuracy (the main study parameter) was tested
for the DPN-INT group (n = 7). The statistical power was found to
be 0.81, indicating the study was powered to identify true differ-
ences for this specific parameter.

atients in the intervention group attended a weekly, one-hour ses-
sion, at a private exercise facility within the university, for a 16-week
period. Within this session, a series of resistance training exercises and
visual gaze training strategies were performed with the aim to improve
the visual and motor limitations in patients with diabetes and DPN.7

After the 16-week intervention period, patients in both control (D-NI)
and intervention (D-INT and DPN-INT) groups repeated the stepping
accuracy task.
ping accuracy task in the study. The dimensions of the steppingwalkwaywere 1.8 by 7m.
r of contact, i.e., the participant started before the targets indicated L1 andR1 andwalked in
e contacted by the left and right foot, respectively.



Table 1
Data showing values for two separate tests used in the assessment for the presence and
severity of peripheral neuropathy – the modified neuropathy disability score (mNDS)
and the vibration perception threshold (VPT).

DPN-INT D-INT D-NI C

mNDS, score/10 6.2 (2.6) 2.4 (2.1)⁎ 4.8 (4.5)⁎ 2.0 (1.4)⁎

VPT, V 31.0 (5.9) 8.5 (2.7)⁎ 11.8 (6.0)⁎ 11.9 (7.0)⁎

Values aremeans (SD). Themodified neuropathy disability score (mNDS) is a test for sen-
sory neuropathy consisting of assessments of pain sensation (pin-prick), vibration, tem-
perature and Achilles tendon reflexes. The vibration perception threshold (VPT) is a
semi-quantitative test assessing participant's ability to detect a given level of vibration ap-
plied at the Hallux (V).
⁎ Significantly different (p b 0.05) from the C group.
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2.5. Visual gaze and motor control training

A visual gaze and motor control training task was performed in
which participants negotiated a small stepping walkway, comprising
of six stepping targets. The arrangement of these stepping targets was
randomized and changed each week to avoid any learning of the
stepping pattern, but the principal of the irregularly spaced targets
was similar to the stepping walkway used pre- and post-testing and
shown in Fig. 1. Before participants began each walkway negotiation
and whilst standing at the start, they were instructed to visually trace
their upcoming walk three times before they walked through the
stepping task. This was performed in an effort to improve visual gaze
strategy by encouraging patients to look at targets in advance of
stepping onto them, promoting use of a strategy of visually planning
their route. The stepping task (with the necessary visual trace) and
walk were performed five times in each direction.

2.6. Resistance exercise training

Exercise training sessions followed the same format as used with di-
abetes patients.20 Participants spent the first two weeks practicing the
correct technique and becoming familiarised with the movements of
the exercise by using low load. Before progressing towards a suitable
load required to yield improvements in strength. In the first session fol-
lowing the initial two-week period, patients gradually increased the
load until it was sufficiently challenging to perform no more than
twelve repetitions. One repetition consisted of lifting and lowering the
load under control in approximately 2 and 3 s, respectively. In the fol-
lowing fourteen weeks, patients were asked to perform three sets of
up to twelve repetitions on three different machines; a leg extension
(extending the knee from 90° of flexion to 0° [full extension] to lift the
load and flexing to lower under control), a seated leg press (extending
the ankle, knee and hip from a flexed position [knee at N90°] to a
more extended position [knee ending close to full extension] and
returning whilst lowering the load under control), and a seated ankle
press (plantar flexing the ankle from a dorsi flexed angle and returning
to lower the load under control). If the participants could perform three
sets of twelve repetitions or more in any one session, the load was in-
creased for the subsequent week to maintain the training stimulus.

2.7. Data analysis

2.7.1. Foot stepping accuracy
Stepping accuracy was calculated as the difference between the po-

sition of the distal aspect of the 2ndmetatarsal head (2MH), and the cal-
ibrated centre of the stepping targets, at foot-ground contact, using the
samemethods aswe have described in our previous studywith diabetes
patients.7

2.7.2. Visual gaze
The effects of the visual gaze intervention on visual gaze parameters

was measured in a subset of intervention patients, grouped as DPNVA-
INT (n = 3; D-INT = 2 and DPN-INT = 1). Data were obtained from a
sub-sample of the cohort due to the time-consumingnature of thesemea-
surements precluding assessment in all participants; non-spherical cor-
neal shape as the result of surgery in some participants, and eyelashes
covering the eyes during the tests. Because of the small cohort of partici-
pants, this aspect of the results is presented as preliminary.

Two time-points in the horizontal signal of the eye movement trace
were identified: the initial visual acquisition of the target (start of visual
acquisition), and the point at which gaze was subsequently directed
away from the target (visual acquisition end). These events were iden-
tified using the second derivative of the eye position signal, i.e., the eye
acceleration peak at saccade onset. By using the timing of when each in-
dividual target was visually acquired, and when gaze was subsequently
directed away, four separate variables were obtained: 1) the time
between visual acquisition of the target and foot-target contact; 2) the
time between the subsequent saccade away from the target with re-
spect to foot-target contact; 3) the time spent looking at the target (fix-
ation duration); and 4) the time taken to transfer gaze between targets.
This data is considered only as pilot data due to the small sample size
and therefore no statistical analysis was performed on the results. Fur-
thermore, it is not presented in the main body of the results for this
reason.

2.8. Statistics

Pre- to post-intervention differences were tested using a repeated
measures Student's t-test with significance set at p b 0.05. Between
group differences for the baseline measures, including the non-
diabetic controls were performed using a one-way ANOVA, with a
Bonferroni post-hoc test, with significances reported with respect to
the C-group. Values are presented as means ± SD.

3. Results

3.1. Neuropathy scores

Patients within the DPN-INT group displayed greater severity of pe-
ripheral neuropathy as shown by significantly higher measures of the
modified Neuropathy Disability (mNDS) score (Table 1) compared to
the D-INT and C groups, and significantly higher vibration perception
thresholds (VPT) than the D-INT, D-NI and C groups.

3.2. Stepping accuracy (Fig. 2)

Patients within the DPN-INT and D-INT groups were significantly
more accurate at stepping post-intervention compared to pre-
intervention, contacting the ground significantly closer to the centre of
the target (pre- vs post-intervention – DPN-INT: 57 ± 33 vs 31 ±
15 mm [45% increase in accuracy]; and D-INT: 64 ± 29 vs 41 ±
14 mm [36% increase in accuracy]). In contrast, the stepping accuracy
of the D-NI group was unchanged pre- to post-intervention (pre- vs
post-intervention – D-NI: 33 ± 9 vs 35 ± 7 mm [7% decrease in accu-
racy]; p N 0.05).

Pre-intervention, the DPN-INT and D-INT groups were significantly
less accurate at stepping than the C group, whereas the D-NI group
displayed a similar level of stepping accuracy (DPN-INT: 57 ± 33; D-
INT: 59 ± 28; D-NI: 33 ± 9; and C: 38 ± 31 mm). Post-intervention,
no differences in stepping accuracy were observed between the groups
(DPN-INT: 31±22mmD-INT: 41± 24mm;D-NI: 35±20mm; and C:
38 ± 31 mm; p N 0.05).

4. Discussion

This novel intervention study shows that combined resistance exer-
cise and visual gaze training can increase stepping accuracy during
walking in patients with diabetes and DPN.Whilst this was a controlled



Fig. 2. Pre- and post-intervention results for stepping accuracy. The second metatarsal head
(2MH)was identified frompilotwork as thepart of the foot that defined its placement onto a
target. Stepping accuracy was therefore calculated as the distance between the 2MH and the
centre of the target (the value shown inmmon the x-axis). Data are shown here for diabetic
controls (D-NI; n = 6), diabetic intervention (D-INT; n = 8), and diabetic peripheral
neuropathy intervention (DPN-INT; n = 5) groups. The C bar shows the results without
any intervention for the healthy control group (C; n = 10) as a reference for comparison
against the diabetes groups. For the D-NI bar, the grey section shows the pre-intervention
results, and the additional horizontal striped section shows the increase in distance (i.e.,
reduced accuracy post-intervention) post-intervention. For the D-INT and DPN-INT bars,
the grey bar shows the post-intervention distance, and the vertical striped bar in addition
to the grey bar shows the pre-intervention distance (i.e., improved accuracy post-
intervention). Values are mean distances and SD; * denotes significantly different distance
post-intervention compared to pre-intervention (p b 0.05).

Fig. 3. Target visual acquisition parameters during the stepping task, pre- (PRE DVA-INT)
and post-intervention (POST DVA-INT) for the combined diabetic visual acquisition
patient intervention group, and shown in comparison to healthy controls (C) as a
reference. Values are means and standard deviations as a percentage of the visual gaze
cycle. The black bars denote visual acquisition of the target, the white bars denote the
time looking between targets, and the end of the white bar denotes the acquisition of
the next target. Foot-ground contact occurs at 0%.
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laboratory study, the general concept from our findings of improved
movement control may have application in the real-world for reducing
falls-risk in people with DPN through more accurate foot placements,
but this requires confirmation from future work.

Accurate stepping is dependent upon the combined use of vision and
motor control, to identify the intended position of foot placement, and
subsequently control accurate movement of the lower limb. Motor con-
trol of the lower limbs is affected by neuropathic damage, as DPN affects
not only cutaneous sensation and muscle response, but also lower limb
position sense (proprioception), often resulting in a reduced postural
stability.21,22 Impaired proprioception in patients with DPN is likely to
impact upon of lower limb and orientation during stepping, as well as
the swing limb movement speed.21 Another important element of
motor control is the ability to accurately and consistently develop an ap-
propriate level ofmuscle force, to control jointmovement.Whilst no re-
search into the effects of diabetes on muscle force steadiness has been
performed, it has been shown that frail older adults (another population
at a high risk of falling), show reduced force steadiness during isometric
contractions.23 This is particularly important during the swing phase of
walking, where themuscles controlling the ankle, knee and hip need to
move the limb accurately through space and position it accurately on
the ground ahead of the body.24 Furthermore, variability in lower limb
motor performance during low and medium effort tasks is exacerbated
by increased cognitive demand.25 The stepping task examined is likely
to increase cognitive demand and is expected to particularly affect pa-
tients with DPN.

Strength training has previously been shown to improve force accu-
racy and steadiness in elderly patients, increasing maximal strength as
well as control of submaximal strength and reduces force fluctuations,
which are expected to improve force steadiness and consequential
motor control.26,27 It is expected that as well as increasing strength of
the ankle and knee flexors, the resistance training exercises may have
improved force steadiness and increased the control of muscle force
during movement of the lower limbs.

In addition to improvements tomotor control, visual gaze strategy is
expected to have improved as a result of the visual gaze training task.
Previous studies have shown positive responses to visuomotor training
by improving postural stability, dynamic visual acuity, and stepping ac-
curacy in both healthy young and elderly populations.14,16,19,28 The vi-
sual gaze training task performed over the 16-week intervention
required participants to map the route using their eyes before stepping
onto the irregularly placed stepping targets. This was expected to en-
courage a more optimal planning of the stepping route, which during
walking,would cause patients to continuously survey the upcoming en-
vironment. This allowed participants to consider the location of upcom-
ing targets as well as the next immediate target, allowing more time to
co-ordinate appropriate responses.29 The intervention participants im-
proved their stepping accuracy by an average of 173%.

In pilot data from a subset of participants, visual gaze timings were
altered as a result of the intervention, with patients looking away to
the subsequent target earlier, and taking less time to look between tar-
gets, consequently resulting in patients acquiring the next target earlier
(Fig. 3). These visual gaze characteristics indicate that patients were
able to spend longer assessing the target position on approach, and
may at least in part, have contributed to the improved stepping accuracy
observed. These are, however, only preliminary observations in a small
sample size, but the consistent and clear direction of the changes at least
provide some insight into the potential mechanism for the improved
stepping accuracy.

This study has shown that stepping accuracy can be improved in pa-
tients with diabetes, and particularly in those with DPN, through a com-
bination of high-load resistance exercise and visual gaze training. Future
studies should look to elucidate the separate effects of the high-load re-
sistance exercise and visual gaze training components onmotor control
and visual gaze strategy. Such work may help to further focus exercise
regimens and aid the production of an all-encompassing, yet short and
enjoyable intervention regimen that patients with diabetes and DPN
can perform to improve their safety in a real-world environment. Al-
though demonstrated in a controlled laboratory study, the observed im-
provements in stepping accuracy may have real-world application in
contributing to reduce the high falls-risk reported in this population,
through a more controlled movement strategy with fewer foot place-
ment errors. However, this real-world application (reduced falls-risk)
was not tested in the present study and remains an area for confirma-
tion by future research.

In conclusion, this study provides evidence for the benefits of a novel
intervention for improving stepping accuracy in patients with diabetes
and DPN involving resistance exercise and visual gaze training and
could be considered as part of a clinical treatment programme to im-
prove the general health and safety of patients with diabetes.
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