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Abstract

Aim To investigate whether the sensory-motor impairment attributable to diabetic peripheral neuropathy would affect

control of the accelerator pedal during a driving simulator task.

Methods A total of 32 active drivers, 11 with diabetic peripheral neuropathy (mean � SD age 67�5.0 years), 10 with

diabetes but no neuropathy (diabetes group; mean � SD age 62�10 years), and 11 healthy individuals without diabetes

(healthy group; mean � SD age 60�11 years), undertook a test on a dynamometer to assess ankle plantar flexor muscle

strength and ankle joint proprioception function of the right leg, in addition to a driving simulator task. The following

variables weremeasured: maximal ankle plantar flexor muscle strength; speed of strength generation (Nm/s); and ankle joint

proprioception (ankle repositioning error, degrees). In the driving simulator task, driving speed (mph), accelerator pedal

signal (degrees) and the duration of specific ‘loss-of-control events’ (s) were measured during two drives (Drive 1, Drive 2).

Results Participants with diabetic peripheral neuropathy had a lower speed of strength generation (P<0.001), lower

maximal ankle plantar flexor muscle strength (P<0.001) and impaired ankle proprioception (P=0.034) compared to

healthy participants. The diabetic peripheral neuropathy group drove more slowly compared with the healthy group

(Drive 1 P=0.048; Drive 2 P=0.042) and showed marked differences in the use of the accelerator pedal compared to both

the diabetes group (P=0.010) and the healthy group (P=0.002). Participants with diabetic peripheral neuropathy had the

longest duration of loss-of-control events, but after one drive, this was greatly reduced (P=0.023).

Conclusions Muscle function, ankle proprioception and accelerator pedal control are all affected in people with

diabetic peripheral neuropathy, adversely influencing driving performance, but potential for improvement with targeted

practice remains possible.

Diabet. Med. 37, 335–342 (2020)

Introduction

Diabetic peripheral neuropathy (DPN) is one of the com-

monest complications of diabetes [1,2], with consequences

for reduced or absent tactile sensation, vibration perception,

proprioception, muscle strength and joint range of motion [2–

7]. The cutaneous sensory loss, together with sensory-motor

dysfunction, are most pronounced in the feet, and progress up

to affect more proximal parts of the lower limbs, following a

dying back pattern (distal–proximal direction) [8,9]. In

people with DPN, muscle strength of the ankle dorsal and

plantar flexors is reduced by ~30% compared to people with

diabetes but no neuropathy [10]. Nerve conduction velocities

of peroneal and sural nerves significantly correlate with

muscle response latencies, while a loss of movement percep-

tion, predominantly at the ankle joint, is attributable to

altered function of muscle spindles [11–13]. The detrimental

effects of diabetes and DPN in affecting neuromuscular and

motor function with consequences for daily life activities has

been reported in terms of marked unsteadiness, slower speed

of strength generation and altered muscle activation timing

while walking on level ground and on stairs [14,15].

In addition to locomotor tasks, driving is another common

daily activity where the integration of motor and sensory
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function is important for successful performance. Previous

studies investigating driving performance in diabetes have

focused on the influence of hypoglycaemia (resulting in an

impaired ability to drive), diabetic retinopathy (impairing the

clear vision needed to operate a motor vehicle) and DPN,

affecting the ability to feel foot pedals which could impact

the ability to drive safely [16,17]. Concerning this last issue,

a few recent studies have demonstrated that people with

DPN had slower mean brake response times and have an

increased frequency of abnormally delayed braking reactions

compared with both people with diabetes but no DPN and

healthy individuals, when driving on a simulator [18,19].

Possible reasons for this could be that sensory neuropathy

impairs the ability to feel the pedals, or the ability to move

the feet efficiently between the accelerator and brake pedals;

thus, the impaired neuromuscular function of the plantar

flexor muscles, together with the lack of adequate proprio-

ceptive feedback, could influence driving performance [20].

Whilst previous studies of driving in diabetes have

focused primarily on the influence of hypoglycaemia and

diabetic retinopathy, no previous research has investigated

the influence of DPN on sensory-motor function, its impact

on the accelerator pedal control during driving, and the

overall effect these factors have on driving performance.

We hypothesized that people with DPN would have

impaired sensory-motor function around the ankle joint

that would impact adequate control of the accelerator

pedal during driving and, in turn, influence driving

performance. The aim of the present study, therefore,

was to investigate sensory-motor function in people with

diabetes and DPN and driving performance using a driving

simulator.

Methods

Participants

Thirty-two participants, all active drivers holding a UK

driving licence and driving for not less than 30 min every

day, were recruited into three groups: 11 participants with

DPN (mean � SD age 67 � 5.0 years and BMI 32 � 4.2 kg/

m2; nine men, two women), 10 participants with diabetes

but no peripheral neuropathy (mean � SD age 62�10 years

and BMI 31�5.2 kg/m2; nine men, one woman) and 11

healthy age-matched participants without diabetes (mean �
SD age 60 � 11 years and BMI 27 � 4.4 kg/m2; nine men,

two women). All participants gave their written informed

consent to participate in the study, which received ethical

approval from all relevant bodies. The principal inclusion

criteria were: diagnosis of diabetes (diabetes group) or

absence of diabetes in the healthy group (confirmed via

random blood glucose test <7.8 mmol/l); holding a current

full UK driving licence; driving a car at least once per week;

and age >20 years (Table 1). The principal exclusion

criteria were: active foot ulcers on either foot; lower limb

amputation involving more than two toes on the right foot

(foot applied to the accelerator pedal); dementia; visual

acuity worse than 20/50; and proliferative diabetic

retinopathy.

Neuropathy assessment

The presence and severity of DPN was measured using the

modified Neuropathy Disability Score, a composite test of

multiple sensory modalities, together with the detection of

the vibration perception threshold using a neurothesiome-

ter (Bailey Instruments Ltd, Manchester, UK) [1]. Based on

these tests, participants with diabetes were divided into

groups as follows: DPN group: Neuropathy Disability

Score ≥6, vibration perception threshold ≥25 Volts; and

diabetes group: Neuropathy Disability Score ≤3, vibration

perception threshold ≤15 Volts. These tests were also

performed in the healthy group to confirm the absence of

peripheral neuropathy.

Table 1 Characteristics of the healthy, diabetes but no neuropathy,
and diabetic peripheral neuropathy groups included in the study

Group Participants, n
Age,
years VPT, Volts

Driving
licence,
years

Healthy 11 60 � 11 7 � 3 40 � 8
Diabetes 10 62 � 10 11 � 6 43 � 9
DPN 11 67 � 5 44 � 10 45 � 9

DPN, diabetic peripheral neuropathy; VPT, vibration percep-
tion threshold.
Values are mean and SD.

What’s new?

• Diabetes impacts driving safety through the influence of

hypoglycaemia and diabetic retinopathy.

• Diabetic peripheral neuropathy (DPN) affects tactile

sensation, proprioception and muscle strength primar-

ily in the feet and the lower limbs.

• Drivers with DPN showed reduced ankle position

sense, impaired muscle function and an altered use of

the accelerator pedal.

• Despite driving more slowly, drivers with DPN expe-

rienced more loss-of-control events than other drivers,

but demonstrated a residual ability to improve with

practice.

• Control of the accelerator pedal and overall driving

performance are affected by DPN, but this research

opens up opportunities to devise technological solutions

and training programmes to help people with DPN

drive more safely.
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Design

During a 2.5-h experimental session, participants underwent

a series of tests which were always presented in the same

order. Firstly, information was taken about participants’

medical history, and subsequently a maximum isometric

contraction of the ankle plantar flexor muscles and an ankle

proprioception test were performed on an isokinetic

dynamometer (Cybex NORM, Rosemont, IL, USA). Visual

acuity was assessed using a ‘Snellen chart’ and a random

blood glucose test was undertaken to confirm the absence of

diabetes in healthy individuals and to avoid any hypo- or

hyperglycaemic influence during the subsequent driving task

in those participants with diabetes. Participants with diabetes

had blood glucose levels within the range 4.5–20 mmol/l

(72–360 mg%) before the driving simulator task.

Procedure

Motor function variables

An isokinetic dynamometer (Cybex Norm) was used to

assess the speed of strength generation and the maximal

strength of the ankle plantar flexor muscles in addition to

ankle proprioception function. The dynamometer was inte-

grated with a data acquisition system Labchart 8� (AD

Instruments, Sydney, NSW, Australia). Only the right foot

and lower limb were selected for dynamometry testing

because this is the side used to operate the accelerator pedal

in all cars. The tests were performed according to standard-

ized procedures. The ankle position selected to perform all

motor function tests was 10° of plantar flexion, an angle

corresponding to a mid-position of the accelerator pedal

when driving [21]. Participants were positioned prone on the

dynamometer couch and their right foot secured to the

footplate of the dynamometer using non-elastic straps.

After several standardized submaximal contractions as a

warm-up, participants completed a maximum effort isomet-

ric strength test of the plantar flexor muscles of the right leg

at 10° plantar flexion. Participants were instructed to push

against the dynamometer footplate as hard and as fast as

possible, similar to an emergency brake when driving, and to

maintain the contraction for ~3–5 s. This test included two

trials, with a rest of 2–3 min in between each trial to avoid

any fatigue effect.

With regard to proprioception function, the knowledge of

the position (sense) and the ability to reproduce a specific joint

positionwas objectively quantified recording the error value in

degrees, the ‘ankle repositioning error’ [22]. We recorded the

error value (i.e. the discrepancy between the target ankle joint

position and the actual position participants selected in the

trial). A higher error value indicates poorer proprioception

function. The arm of the dynamometer moved passively to the

target angle (10° plantar flexion) and remained at this position

for 5 s to demonstrate the target angle to the participant.

Subsequently, the dynamometer foot plate was then moved

into dorsiflexion and plantar flexion to disturb position sense.

Participants were then asked to reproduce the same ankle joint

position andmaintain it for at least ~3 s while it was recorded.

The proprioception test included some practice trials at

different ankle joint angle positions to facilitate comprehen-

sion of the task, with a 1-min rest in between to avoid any

learning effects. Participants were unable to see their feet

during the experiment.

Driving simulator task

The driving simulator consisted of a 106 cm plasma screen, a

steering wheel giving realistic feedback when turned, accel-

erator and brake pedals (automatic gear change), and an

adjustable car seat. The setup was the same as that used in

previous studies [23,24]. Participants were invited to find a

comfortable driving position, with adjustment of the simu-

lator construct as needed for individual preference. Specific

instructions were given to participants to drive safely, as they

would in a real car. Verbal instruction and a demonstration

describing how to use the simulator were also given. The

task consisted of a driving environment simplified by the

absence of other vehicles and pedestrians, taken from the

Colin McRae Rally 2 simulation (Codemaster, Leamington

Spa, UK). The view was of the road ahead through the

windscreen, with addition of the speedometer in the bottom

right-hand corner. The route was a 3.1-mile winding country

road, which included gentle and sharp bends with few

straight sections. Each participant drove the same route

twice.

Data analysis

Motor function variables

The speed of strength generation at the ankle was measured

as the rate at which joint torque was developed, which

reflects the speed of force being developed by the ankle

plantar flexor muscles [15]. The speed of strength generation

was assessed as the gradient of the torque–time (Dtorque/
Dtime Nm/s) curve over the first 150 ms after the onset of

contraction. Onset of muscle contraction was defined as the

time point at which the torque curve exceeded baseline

torque by 5 Nm.

The maximal strength of the plantar flexor muscles was

defined by the value of the ‘peak torque’ (Nm), i.e. the

highest value exerted around the ankle joint, during a

maximal isometric contraction of the plantar flexor muscles

[25].

Proprioception function was assessed using the ankle

repositioning error (degrees), which quantified the proprio-

ception function using an error score obtained by the

difference between the target position (10° plantar flexion)

and the position reached by the participant. We considered

the mean of three trials to be representative of the global

proprioception function: higher error values correspond to

lower proprioception function.
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Driving simulator task

We analysed data from two repeats of the 3.10-mile driving

course, quantifying driving speed (mph) and producing

frequency distribution plots of the accelerator pedal position

signal (degrees). This signal was recorded over a range from

0°, when no load was applied to the pedal, to a maximum of

–20°, when the pedal was completely depressed to the floor.

The pedal position plots represent the percentage of time that

the pedal was pushed down by different amounts. We

considered each complete drive as a whole in order to

observe the pattern of pedal usage and produced ‘difference

plots’ by subtracting the frequency distribution of the healthy

group or the diabetes group from the frequency distribution

of the DPN group to identify and highlight any differences

between the people with DPN and the other two groups.

These difference plots, therefore, highlighted how differently

drivers with DPN used the accelerator pedal when compared

to drivers in the diabetes and healthy groups.

Lastly, the analysis of the steering wheel signal (degrees)

for which we detected specific characteristics in terms of

amplitude and repetitive frequency (Fig. 1) allowed us to

estimate the total duration of any instance that we defined

as a loss-of-control event. Loss-of-control events consisted

of an extreme, unjustified and inappropriate use of the

steering wheel, i.e. movements that reached the full range

of motion of the steering wheel and/or exhibited a

repetitive frequency, during which the driver continued to

maintain this exaggerated motion. The total duration of

these loss-of-control events for each group was then

normalized to the number of participants in each group

(seconds per person).

Statistics

The motor function variables (maximal ankle plantar flexor

strength, speed of strength generation, and ankle proprio-

ception), driving speed and loss-of-control events were

analysed using one-way ANOVA, with Bonferroni post hoc

tests to assess differences between groups (DPN, diabetes and

healthy groups). We used a paired sample t-test to assess

differences in the same group between drives (loss-of-control

events, driving speed).

Differences between the accelerator pedal frequency dis-

tribution plots between groups (DPN vs diabetes group; or

DPN vs healthy group) were assessed using an independent

samples Student’s t-test. Data were analysed using paramet-

ric statistics as the data were normally distributed. All

statistical tests were performed using SPSS statistical package

version 22 (IBM Corp., Chicago, IL, USA), with P values

<0.05 taken to indicate statistical significance.

Results

Motor function variables

The mean � SD speed of strength generation was significantly

lower in the DPN group (P<0.001) and the diabetes group

(P=0.002) when compared to healthy participants [DPN

group: 80.30 � 61.37 Nm/s; diabetes group: 104.66 � 43.36

Nm/s; healthy group: 252.65 � 28.37 Nm/s (Fig. 2a)].

The maximal plantar flexor muscle strength values were

significantly lower (P<0.001) only in the DPN group vs the

healthy group [DPN group: 22�62 Nm; diabetes group:

FIGURE 1 Example from a single participant’s steering wheel signal to illustrate how the ‘loss-of-control events’ (quantified in seconds) were

identified from the steering wheel signal (degrees) during driving. Portions of the wheel signal (Start–End) that abruptly exceeded the range seen

during normal driving in terms of amplitude and/or frequency were identified. These periods were then summed and quantified as the total duration

(seconds) in one single drive, and then normalized for the number of participants in each group (to obtain seconds per person).
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39.98�14.33 Nm; healthy group: 54.44�20.31 Nm

(Fig. 2b)]. A lower ankle proprioception function, corre-

sponding to a higher error value, was found in the DPN group

(P=0.034) vs the healthy group [DPN group: 3.54�2.29�;
diabetes group: 3.30�1.63�; healthy group: 1.45�1.34�
(Fig. 2c)]. No significant differences were found between the

diabetes and the healthy group for these two variables

(maximal strength, P=0.76; proprioception, P=0.81).

Driving simulator task

Analysis of the study drives showed a significantly slower

mean � SD driving speed in the DPN group compared to the

healthy group in both the first (P=0.048; DPN group: 16.53�
5.39 mph; diabetes group: 20.41�4.68 mph; healthy group:

22.08�4.76 mph) and the second drive (P=0.042; DPN

group: 18.55� 4.15 mph; diabetes group: 21.56� 3.97 mph;

healthy group: 24.06 � 4.15 mph). Furthermore, only the

healthy group had a significantly faster driving speed during

the second drive compared to their first drive (P=0.013;

Fig. 3a). The mean � SD duration of loss-of-control events

was significantly higher in the DPN group compared to both

the diabetes (P=0.040) and healthy groups (P=0.012) during

the first drive (DPN group: 59.07�64.71 s; diabetes group:

13.02�15.46 s; healthy group: 5.86�15.68 s). During the

second drive, there was only a significant difference in the

duration of loss-of-control events between the DPN and

the healthy group (P=0.049; DPN group: 13.83 � 20.23 s;

diabetes group: 7.08 � 8.11 s; healthy group: 0 � 0 s) The

DPN group was the only group that significantly reduced the

duration of loss-of-control events during the second drive

when compared to the first one (P=0.023; Fig. 3b).

The accelerator pedal ‘difference plots’ highlight signifi-

cant differences in control of the accelerator pedal of the

DPN group compared to both the diabetes (pedal position

angle: 0–0.5°, P=0.010; 1–1.5°, P=0.039; 1.5–2°, P=0.044)

and healthy groups [pedal position angle: 0–0.5°, P=0.002;

3–3.5°, P=0.041; 3.5–4°, P=0.036; 4–4.5°, P=0.046 (Fig. 4)].

Participants with DPN spent more of the time driving with

the accelerator pedal closer to, or at the extremes of its range,

that is, both barely depressed and at the other extreme,

approaching full depression to the floor. They spent much

less of the time with the pedal in its mid-range.

Discussion

In the present study we show for the first time how sensory-

motor deficits associated with DPN influence the use of the

accelerator pedal during a driving simulator task. Despite

driving more slowly, participants with DPN drove using the

extremes of the accelerator pedal range: either barely

depressed at all, or near fully depressed to the floor.

Furthermore, the DPN group experienced more loss of

control (longer duration, in seconds) while driving compared

to the participants with diabetes but without neuropathy and

compared to the healthy participants. From a positive

perspective, only the participants with DPN improved

significantly from the first to the second drive in reducing

the duration of loss-of-control events, highlighting that this

might be modifiable by training.

In both drives, we found that the DPN group had a very

different approach to the use of the accelerator pedal from

that of both the diabetes and healthy groups. The DPN

group, when driving, spent most of the time with the

(a) (b) (c)

FIGURE 2 (a) Speed of strength generation (SSG). (b) Maximal strength values. (c) Ankle repositioning error (ARE). All motor function testing was

performed on the right leg using a joint angle of 10° plantar flexion in the three groups: healthy participants, participants with diabetes but no

neuropathy, and participants with diabetic peripheral neuropathy (DPN). Values are mean and SD, n=32. *Significantly different, P<0.05.

ª 2019 The Authors.
Diabetic Medicine published by John Wiley & Sons Ltd on behalf of Diabetes UK 339

Research article DIABETICMedicine



accelerator pedal depressed by ≤1°, i.e. much more time

hardly pushing at all on it, while in the same drive, they also

spent more time using the more extreme depressed position

of the pedal right to the floor, tending to skip the middle

range of pedal compression. The healthy participants and

those with diabetes but no neuropathy, in contrast, used the

extremes of pedal position less of the time. Rather, there was

a gradual decrease in the time the pedal spent more and more

pushed down, representing a more homogeneous, smoothly

graded use of the middle range of the pedal.

Another interesting finding concerns driving speed; partic-

ipants with DPN drove significantly more slowly than the

healthy participants of the same age without diabetes, a

mechanism already observed in older cohorts, attributed to a

desire to compensate for their slower reaction times [26,27].

Interestingly, despite the fact that they were driving more

slowly, the duration of loss-of-control events that occurred

during the first drive was significantly higher in the DPN

group compared to the healthy group. Although this obser-

vation indicates the potential of DPN to impair driving

ability, analysis of the second drive led to a more positive

finding. After one drive, the DPN group was able to greatly

reduce the loss-of-control events, indicating residual ability

for improving driving performance, and the potential for

practice or structured training to recover the lost ability in a

functional way. Standard sensory-motor function tests,

which all drivers undertook, confirmed the detrimental

effects of the nerve damage attributable to diabetes in

affecting plantar flexor muscle function and ankle proprio-

ception, which may be the underlying mechanisms for the

impaired control of the accelerator pedal. Participants with

DPN had lower maximal ankle plantar flexor muscle

strength values and impaired ankle proprioception function

compared to the healthy group. As regards speed of strength

generation, the participants with diabetes both with and

without DPN developed less strength in the first 150 ms of a

maximal isometric contraction of plantar flexor muscles

compared to healthy participants. It has been demonstrated

that the most disabling consequence of DPN is the contin-

uous loss of motor axons, which, in combination with

insufficient reinnervation, results in denervation of muscle

fibres, responsible for the muscular atrophy and muscle

weakness at the ankle [28]; thus, the formation of very large

motor units leads to a progressive reduction in force

steadiness and fine motor control in this population [6].

This might explain the observed loss of continuously graded

control of the accelerator pedal when driving.

These observations support our initial hypothesis that the

ability to know where the foot is in space (proprioception)

and a reduced tactile sensation of the pedal against the foot,

could be two major and important factors in achieving

precise control and appropriate pressure on the accelerator

pedal during driving.

We acknowledge that the present sample size may be

considered relatively small, however, tests used to assess

motor control were highly reproducible and there was

adequate statistical power to detect significant changes in

the main variables, as evidenced from our results. We

acknowledge that there may be residual confounding vari-

ables as a result of unknown differences between the groups

examined that we might have been unable to control for. In

this respect, a future longitudinal study may be useful in

confirming the present findings.

(a) (b)

FIGURE 3 (a) Driving speed (mph) during the first drive (black bars) and second drive (white bars) for each group: healthy participants; participants

with diabetes but no neuropathy; and participants with diabetic peripheral neuropathy (DPN). (b) Duration of the loss-of-control events (seconds per

person) during the first (Drive 1) and second (Drive 2) drives. Values are mean and SD, n=32. *Significantly different, P<0.05.
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Whilst people with DPN might represent an increased risk

with regard to driving safely, our findings indicate that

drivers with DPN potentially retain a residual ability to

improve, but further research will determine whether this

potential for improvement can be realized through a specific,

standardized and systematic training programme. Through

future research we intend to use the knowledge of the specific

pattern of impairment to devise solutions that help drivers

with DPN to drive more safely for longer, which would

confer benefits with regard to quality of life and autonomy.

Funding sources

Funding was received through the Erasmus Plus programme.

Competing interests

None declared.

Acknowledgements

The authors are grateful to the staff of the Manchester

Diabetes Centre for supporting this study and the partici-

pants for taking part. We thank especially Research for the

Future, ‘Help BEAT Diabetes’, for helping us recruit people.

References

1 Boulton AJ, Malik RA, Arezzo JC, Sosenko JM. Diabetic somatic

neuropathies. Diabetes Care 2004; 27: 1458–1486.

FIGURE 4 Accelerator pedal position frequency distribution plots. Each bar represents the time (seconds) the accelerator pedal spent in a specific

position, from 0 (no pressure on the pedal) to a maximum of –20° (maximal pressure applied on the pedal) during driving. The graphs on the left side

represent the original frequency distribution plots of each group: Healthy individuals (Healthy), people with diabetes but no neuropathy (Diabetes),

and people with diabetic peripheral neuropathy (DPN); on the right side the ‘difference plots’ are obtained by subtracting one group plot from

another. The change in colour indicates the significantly different DPN group’s pedal use when compared to those of the Healthy and Diabetes

groups (P<0.005). The upper panel represents the comparison between DPN and Healthy groups, while the lower panel represents the comparison

between DPN and Diabetes groups.

ª 2019 The Authors.
Diabetic Medicine published by John Wiley & Sons Ltd on behalf of Diabetes UK 341

Research article DIABETICMedicine



2 Chiles NS, Phillips CL, Volpato S, Bandinelli S, Ferrucci L,

Guralnik JM et al. Diabetes, peripheral neuropathy, and lower-

extremity function. J Diabetes Complications 2014; 28: 91–95.
3 Vaz MM, Costa GC, Reis JG, Junior WM, De Paula FJA, Abreu

DC. Postural control and functional strength in patients with type 2

diabetes mellitus with and without peripheral neuropathy. Arch

Phys Med Rehab 2013; 94: 2465–2470.
4 S�en�echal M, Johannsen NM, Swift DL, Earnest CP, Lavie CJ, Blair

SN et al. Association between changes in muscle quality with

exercise training and changes in cardiorespiratory fitness measures

in individuals with type 2 diabetes mellitus: Results from the

HART-D study. PloS One 2015; 10: e0135057.

5 Shun CT, Chang YC, Wu HP, Hsieh SC, Lin WM, Lin YH et al.

Skin denervation in type 2 diabetes: correlations with diabetic

duration and functional impairments. Brain 2004; 127: 1593–
1605.

6 Andreassen CS, Jakobsen J, Ringgaard S, Ejskjaer N, Andersen H.

Accelerated atrophy of lower leg and foot muscles—a follow-up

study of long-term diabetic polyneuropathy using magnetic reso-

nance imaging (MRI). Diabetologia 2009; 52: 1182–1191.
7 Simoneau GG, Ulbrecht JS, Derr JA, Cavanagh PR. Role of

somatosensory input in the control of human posture. Gait Posture

1995; 3: 115–122.
8 Said G. Diabetic neuropathy–a review. Nat Rev Neurol 2007; 3:

331.

9 King R. The role of glycation in the pathogenesis of diabetic

polyneuropathy. Mol Pathol 2001; 54: 400.

10 Almurdhi MM, Reeves ND, Bowling FL, Boulton AJ, Jeziorska M,

Malik RA. Reduced lower-limb muscle strength and volume in

patients with type 2 diabetes in relation to neuropathy, intramus-

cular fat, and vitamin D levels. Diabetes Care 2016; 39: 441–447.
11 Andersen H, Mogensen P. Disordered Mobility of Large Joints in

AssociationwithNeuropathy in PatientswithLong-standing Insulin-

dependent Diabetes Mellitus. Diabet Med 1997; 14: 221–227.
12 Van Deursen R, Simoneau GG. Foot and ankle sensory neuropathy,

proprioception, and postural stability. J Orthop Sports Phys Ther

1999; 29: 718–726.
13 Simoneau GG, Derr JA, Ulbrecht JS, Becker MB, Cavanagh PR.

Diabetic sensory neuropathy effect on ankle joint movement

perception. Arch Phys Med Rehab 1996; 77: 453–460.
14 Brown SJ, Handsaker JC, Maganaris CN, Bowling FL, Boulton AJ,

Reeves ND. Altered joint moment strategy during stair walking in

diabetes patients with and without peripheral neuropathy. Gait

Posture 2016; 46: 188–193.
15 Handsaker JC, Brown SJ, Bowling FL, Cooper G, Maganaris CN,

Boulton AJ et al. Contributory factors to unsteadiness during

walking up and down stairs in patients with diabetic peripheral

neuropathy. Diabetes Care 2014; 37: 3047–3053.

16 Inkster B, Frier BM. Diabetes and driving. Diabetes Obes Metab

2013; 15: 775–783.
17 American Diabetes Association. Diabetes and driving. Diabetes

Care 2013; 36(Suppl. 1): S80.

18 Spiess KE, Sansosti LE, Meyr AJ. Diabetic driving studies—part 2:

a comparison of brake response time between drivers with diabetes

with and without lower extremity sensorimotor neuropathy. J Foot

Ankle Surg 2017; 56: 573–576.
19 Meyr AJ, Spiess KE. Diabetic driving studies—part 1: brake

response time in diabetic drivers with lower extremity neuropathy.

J Foot Ankle Surg 2017; 56: 568–572.
20 Siegler I, Reymond G, Kemeny A, Berthoz A, eds. Sensorimotor

integration in a driving simulator: contributions of motion cueing

in elementary driving tasks. In: Proceedings of the Driving

Simulation Conference, 2001. Sophia Antipolis (Nice), France, pp

21–32.
21 Palmertz C, Jakobsson L, Karlsson A-S, eds. Pedal use and foot

positioning during emergency braking. In: IRCOBI Conference on

the Biomechanics of Impact, 1998. G€oteberg, Sweden, pp 135–146.
22 Song CH, Petrofsky JS, Lee SW, Lee KJ, Yim JE. Effects of an

exercise program on balance and trunk proprioception in older

adults with diabetic neuropathies.Diabetes Technol Ther 2011; 13:

803–811.
23 Marple-Horvat DE, Cooper HL, Gilbey SL, Watson JC, Mehta N,

Kaur-Mann D et al. Alcohol badly affects eye movements linked to

steering, providing for automatic in-car detection of drink driving.

Neuropsychopharmacol 2008; 33: 849–858.
24 Chattington M, Wilson M, Ashford D, Marple-Horvat D. Eye–

steering coordination in natural driving. Exp Brain Res 2007; 180:

1–14.
25 Aagaard P, Magnusson PS, Larsson B, Kjær M, Krustrup P.

Mechanical muscle function, morphology, and fiber type in

lifelong trained elderly. Med Sci Sports Exerc 2007; 39: 1989–
1996.

26 Molnar FJ, Marshall SC, Man-Son-Hing M, Wilson KG, Byszewski

AM, Stiell I. Acceptability and concurrent validity of measures to

predict older driver involvement in motor vehicle crashes: An

Emergency Department pilot case-control study. Accid Anal Prev

2007; 39: 1056–1063.
27 Molnar LJ, Eby DW. The relationship between self-regulation and

driving-related abilities in older drivers: an exploratory study.

Traffic Inj Prev 2008; 9: 314–319.
28 Andreassen CS, Jakobsen JK, Andersen H. Muscle weakness.

A progressive late complication in diabetic distal symmetric

polyneuropathy. Diabetes 2006; 55: 806–812.

342
ª 2019 The Authors.

Diabetic Medicine published by John Wiley & Sons Ltd on behalf of Diabetes UK

DIABETICMedicine Driving and diabetes � M. Perazzolo et al.


