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OBJECTIVEdDiabetic peripheral neuropathy (DPN) alters walking. Yet, the compensatory
role of central locomotor circuits remains unclear. We hypothesized that walking outcomes
would be more closely related to regional gray matter volumes in older adults with DPN, as
compared with nonneuropathic diabetic patients and nondiabetic control subjects.
RESEARCH DESIGN AND METHODSdClinically important outcomes of walking (i.e.,
speed, stride duration variability, and double support time) were measured in 29 patients with
DPN (type 2 diabetes with foot-sole somatosensory impairment), 68 diabetes mellitus (DM) patients
(type 2 diabetes with intact foot-sole sensation), and 89 control subjects. Global and regional gray
matter volumes were calculated from 3 Tesla magnetic resonance imaging.
RESULTSdDPN subjects walked more slowly (P = 0.005) with greater stride duration variability (P , 0.001) and longer double support (P , 0.001) as compared with DM and control
subjects. Diabetes was associated with less cerebellar gray matter volume (P , 0.001), but global
gray matter volume was similar between groups. DPN subjects with lower gray matter volume
globally (P , 0.004) and regionally (i.e., cerebellum, right-hemisphere dorsolateral prefrontal
cortex, basal ganglia, P , 0.005) walked more slowly with greater stride duration variability and/or
longer double support. Each relationship was stronger in DPN than DM subjects. In control
subjects, brain volumes did not relate to walking patterns.
CONCLUSIONSdStrong relationships between brain volumes and walking outcomes were
observed in the DPN group and to a lesser extent the DM group, but not in control subjects.
Individuals with DPN may be more dependent upon supraspinal elements of the motor control
system to regulate several walking outcomes linked to poor health in elderly adults.

D

iabetic peripheral neuropathy
(DPN) is a debilitating condition
caused by peripheral nerve deterioration that affects 30–50% of people with
type 2 diabetes (1,2). DPN-related foot-sole
somatosensory impairment leads to diminished walking speed and increased
stride-to-stride movement variability
(3,4)dimportant patient outcomes independently linked to survival (5) and fallrisk (6) in older adults. Still, despite often

severe somatosensory impairments, some
DPN patients maintain walking patterns
that are similar to those observed in agematched healthy people (4). Identiﬁcation
of factors underlying this intersubject variability in functional reserve may provide
new targets for preventative and rehabilitative programs for older adults with DPN.
Walking is governed by a complex
motor control system comprising somatosensory, visual, and vestibular elements that
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interact with spinal, supraspinal, and peripheral motor circuitry. In the presence of
chronic impairment to one or more of its
elements, this system may compensate and
maintain functionality by placing increased
dependence upon other, intact elements
(7–10). In those older adults who perform
poorly on a foot-sole somatosensory test,
standing balance is more disrupted by the
performance of concurrent cognitive tasks
(11). We therefore contend that DPNrelated foot-sole somatosensory impairment
is associated with increased dependence
upon supraspinal elements of the motor
control system to regulate walking.
Population-based studies indicate that
community-dwelling older adults with less
regional gray matter (GM) volume walk
more slowly with increased movement
variability (12,13). We hypothesized that
the relationship between GM volumes
within sensorimotor and cognitive brain
regions and walking outcomes would be
signiﬁcantly stronger in older adults with
DPN as compared with diabetic patients
without DPN and control subjects.
RESEARCH DESIGN AND
METHODS
Subjects
This study examined the relationships
between brain volumes and walking in
individuals with and without DPN.
Community-dwelling older adults with
and without type 2 diabetes were consecutively recruited using advertisements and
screened by medical history, physical, neurologic, and laboratory examinations. We
screened 229 individuals aged 50–85
years, of which 186 were eligible: 97 with
type 2 diabetes and 89 control subjects.
These cohorts were matched for age and
sex on a frequency distribution.
Inclusion criteria for type 2 diabetes
(52 men, 45 women) were physician diagnosis and treatment for $5 years. Inclusion criteria for control subjects (43 men,
46 women) were normal fasting glucose
and no history of metabolic disorder. For
the current analysis, subjects with type 2
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diabetes were divided into two groups. The
DPN group (n = 29) consisted of subjects
with type 2 diabetes and foot-sole somatosensory impairment as deﬁned by an inability to perceive 10 g of pressure on the
plantar aspect of either hallux. The diabetes
mellitus (DM) group (n = 68) consisted of
subjects with type 2 diabetes yet normal
foot-sole sensation.
Exclusion criteria were type 1 diabetes, history of stroke, myocardial infarction within six months, other clinically
important cardiac diseases, arrhythmias,
signiﬁcant nephropathy, kidney or liver
transplant, renal or congestive heart failure,
carotid artery stenosis (over 50% by medical history and magnetic resonance angiography), and any neurologic or systemic
disorders (aside from peripheral neuropathy). Magnetic resonance imaging (MRI)
exclusion criteria were incompatible metal
implants, pacemakers, arterial stents, and
claustrophobia.
This study was approved by the Committee on Clinical Investigations at the Beth
Israel Deaconess Medical Center, and written consent was obtained from all subjects.
Protocol
Studies were conducted in the Syncope
and Falls in the Elderly (SAFE) Laboratory,
the Magnetic Resonance Imaging Center,
and the Clinical Research Center at the Beth
Israel Deaconess Medical Center.
Diabetic Peripheral Neuropathy Assessment. The criterion for inclusion of diabetic patients into the DPN group was
foot-sole somatosensory impairment deﬁned by the inability to perceive 10 g of
pressure on the plantar aspect of either
hallux as determined using a 5.07-gauge
Semmes-Weinstein monoﬁlament (North
Coast Medical) and standard testing procedures (14). This test has low incidence
of false-positive results when compared
with electrodiagnostics (15) and is thus a
conservative test for the presence of peripheral neuropathy. The clinical signs and
symptoms of DPN were further assessed
with the Toronto Clinical Neuropathy
Score, which is derived from a combination
of neurologic assessment of symptoms (i.e.,
foot pain, numbness, tingling, weakness,
ataxia, upper-limb symptoms) and sensory
tests (i.e., pinprick, temperature, light
touch, vibration, position sense) (16).
Walking Test. A 12-min walk was completed along a 75-m course on an 80 3 4 m
indoor hallway. Subjects wore standard
walking shoes instrumented with heel
and toe footswitches (Mega Electronics,
Kuopio, Finland) to record the timing of
2
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each heel and toe ground contact for both
feet. Subjects were instructed to walk at
their preferred speed. The time taken to
complete each length and total distance
were recorded. The relatively long trial
duration was originally chosen to enable
study of the effects of fatigue on walking.
Because this was not the focus of the present analysis, we only examined data from
the ﬁrst 75 m of the trial (i.e., one hallway
length, zero turns).
MRI. All studies were performed on a 3T
GE HDx MRI scanner (GE Medical Systems,
Milwaukee, WI) using three-dimensional
T1-weighted magnetization prepared
rapid gradient echo (MP-RAGE) sequences
(TR/TE/TI = 6.5/2.8/1100 ms, 3.0 mm slice
thickness, 52 slices, bandwidth = 122 Hz
per pixel, ﬂip angle = 158, 24 cm 3 24 cm
FOV, 256 3 192 matrix size). Images were
acquired continuously throughout the
brain with 0 mm skip between slices
to allow for calculation of regional volumes of the whole brain (see IMAGE
ANALYSIS ).
Data Analysis
Walking Analysis. Walking outcomes
were computed from the ﬁrst 75 m of
walking, which did not include turns.
Average walking speed (in meters per
second) was determined by dividing distance by time. Stride duration variability
and double support time were calculated
using foot switch data to create time-series
of every “heel-strike” and “toe-off” event for
each foot. Stride duration variability (in
percentage) was determined by calculating
the coefﬁcient of variation about the average stride duration (i.e., heel-strike to heelstrike of the right foot) and multiplying by
100. Double support (in percentage) was
calculated as the average time of each stride
spent with both feet on the ground (i.e.,
right heel-strike to left toe-off plus left
heel-strike to right toe-off), dividing by average stride time and multiplying by 100.
Image Analysis. MP-RAGE images were
analyzed using Interactive Data Language
(IDL; Research Systems, Boulder, CO) and
MATLAB (MathWorks, Natick, MA) software. MP-RAGE images were skull stripped
and coregistered to the MNI152 standard
template within the statistical parametric
mapping software package (SPM; University College, London, UK). Generated
maps of GM, white matter, and cerebrospinal ﬂuid were segmented based upon
the LONI Probabilistic Brain Atlas (17) and
used to calculate regional volumes. Global
GM volume and nine speciﬁc regions
linked to the control of walking and/or

sensorimotor function (12,18,19) were selected for analysis. Regions-of-interest included the right and left precentral gyri,
the right and left basal ganglia, and cerebellum (i.e., motor function); the right and left
postcentral gyri (i.e., sensory function); and
the right and left dorsolateral prefrontal
cortex (i.e., executive function/attention).
All volumes were normalized to percent intracranial volume.
Statistical Analysis
Statistical analyses were performed using
JMP software (SAS Institute, Cary, NC).
Descriptive statistics (means 6 SD) were
used to summarize all numeric variables.
Potential group differences in demographics, DM duration since diagnosis,
blood glucose, glycated hemoglobin
(HbA1c) levels, and hypertension were examined with one-way ANOVAs or logistic
regression.
The effect of group (i.e., DPN, DM, and
control subjects) on global and regional GM
volumes was examined with ANCOVAs.
Models were adjusted for age and sex.
Because each volumetric (i.e., global plus
nine regional GM volumes) was analyzed
with a separate model, a Bonferroni adjustment of P , 0.005 was used to determine
signiﬁcance. Tukey’s post hoc testing was
used to analyze group differences within
signiﬁcant models. The effects of variables
related to DM and DPN severity (i.e., DM
duration, fasting blood glucose, HbA1c,
Toronto Clinical Neuropathy Score) on
GM volumes were also explored.
Linear regression analyses were used
to assess the effects of GM volume, group,
and their interactions on walking outcomes (i.e., walking speed, stride duration variability, double support). Models
were adjusted for age, sex, and body mass.
Because separate models were used to
examine each GM volumetric, a Bonferroni
adjustment of P , 0.005 was again used
to determine signiﬁcance. For those
models with a signiﬁcant group effect,
Tukey’s post hoc testing was used to analyze the group difference in the walking
outcome. For those models with a significant group by volumetric interaction,
contrast tests were used to examine
group differences in the relationship between the GM volumetric and walking
outcome. The relationships between
walking outcomes and variables related
to DM and DPN severity (i.e., DM duration,
fasting blood glucose, HbA1c, Toronto
Clinical Neuropathy Score) and symptoms (i.e., pain) were also examined using linear models.
care.diabetesjournals.org
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RESULTS
Participants
Subject demographics were similar
among groups (Table 1). The DPN and
DM groups had greater body mass, blood
glucose, and HbA1c as compared with
control subjects, but did not differ from
each other. Diabetes duration was longer
in the DPN group as compared with the
DM group (12.5 6 10.8 vs. 10.1 6 6.2
years; ANOVA: P = 0.04). Based on our
classiﬁcation criterion for peripheral neuropathy, all DPN subjects were unable to
detect the 5.07-gauge monoﬁlament on
the plantar surface of at least one hallux,
whereas all DM and control subjects were
able to detect the monoﬁlament on both
halluces. The Toronto Clinical Neuropathy Score was greatest in the DPN group,
lower in the DM group, and lowest in control subjects (ANOVA: P , 0.001). The
percentage of subjects with self-reported
foot pain did not differ between groups.
GM Volumetrics
Global GM volume did not differ across
the groups (Table 2). As compared with
control subjects, the DPN and DM groups
had lower GM volume within the cerebellum (F = 4.2, P = 0.001). GM volume
within each hemisphere of the postcentral
gyrus was also reduced in the DPN and
DM groups (P = 0.01), but this difference
did not achieve signiﬁcance. Neither
global nor regional GM volumes were signiﬁcantly associated with DM duration,
fasting blood glucose, HbA1c, or the Toronto
Clinical Neuropathy Score.
Global white matter and cerebrospinal
ﬂuid volumes were similar between the
groups. The DPN group had larger lateral
ventricle volumes as compared with the
control group (F = 5.3, P = 0.005) (Table 2).
Effects of DPN on Walking
The DPN group walked more slowly with
greater stride duration variability than the
DM group, which in turn walked more
slowly with greater stride duration variability than the control group (walking speed:
F = 5.3, P = 0.005; stride duration variability: F = 25.6, P , 0.001) (Fig. 1). The DPN
group spent more time in double support
as compared with both the DM and control
groups (F = 17.0, P , 0.0001).
Across all subjects, those with a greater
Toronto Clinical Neuropathy Score walked
more slowly (r2 = 0.21, P = 0.003) with
longer double support (r2 = 0.18, P =
0.01). Walking outcomes were not related
to pain, DM duration, fasting glucose, or
care.diabetesjournals.org

Table 1dGroup demographics and health characteristics (mean 6 SD)
Group

Sample (n)
Age (years)
Sex (male/female)
Height (m)
Body mass (kg)
Fasting glucose (mg/dL)
HbA1c (%)
Hypertension (% of group)
Blood pressure
Systolic
Diastolic
DM duration (years)
Toronto neuropathy score
Pain in feet (% of group)

Control subjects

DM

DPN

P value*

89
65.3 6 8.2
43/46
1.7 6 0.1
72.0 6 13.4A
79.9 6 13.8A
5.4 6 0.4A
25.8

68
63.6 6 7.8
37/31
1.7 6 0.1
81.4 6 15.5B
126.1 6 35.1B
7.2 6 1.3B
33.3

29
67.2 6 7.8
15/14
1.7 6 0.1
80.9 6 16.4B
129.7 6 32.2B
6.8 6 1.0B
34.5

0.11
0.74
0.80
,0.001
,0.001
,0.001
0.12

125.0 6 17.6
62.1 6 10.3
10.1 6 6.2A
1.6 6 1.4B
5.8

123.6 6 18.1
60.5 6 13.1
12.5 6 10.8B
6.9 6 3.7C
10.3

0.64
0.85
0.04
,0.001
0.23

121.8 6 14.2
62.4 6 10.3
d
0.6 6 0.8A
2.2

A, B, C
Within each row, each letter represents signiﬁcantly different group means based on ANOVA or logistic
regression testing and Tukey’s post hoc analysis.

HbA1c. Those who walked more slowly
tended to spend more time in double support (r2 = 0.12, P = 0.04).
The Relationship between GM
Volume and Walking Outcomes
Global GM Volume. Less global GM
volume was related to worse walking

outcomes in DM patients, and especially
in those with DPN. Speciﬁcally, linear
models adjusted for age, sex, and body
mass revealed group differences in the
relationship between global GM volume
and each walking outcome, i.e., groups by
GM volume interactions were observed for
walking speed (F = 14.3, P , 0.001), stride

Table 2dBrain volumetrics
Group
Brain region
Global
GM
White matter
Cerebrospinal ﬂuid
Lateral ventricles
Right hemisphere
Left hemisphere
Regional GM
Precentral gyrus
Right hemisphere
Left hemisphere
Basal ganglia
Right hemisphere
Left hemisphere
Postcentral gyrus
Right hemisphere
Left hemisphere
Dorsolateral prefrontal cortex
Right hemisphere
Left hemisphere
Cerebellum

Control subjects

DM

DPN

P value*

40.97 6 4.39
27.47 6 3.11
31.56 6 6.73

40.37 6 3.99
27.39 6 3.42
32.26 6 6.75

40.30 6 4.0
26.73 6 3.21
32.70 6 6.49

0.512
0.597
0.702

0.70 6 0.15A
0.79 6 0.17

0.73 6 0.12A
0.83 6 0.14

0.86 6 0.26B
1.01 6 0.03

0.004
0.010

0.73 6 0.08
0.76 6 0.09

0.72 6 0.06
0.74 6 0.06

0.72 6 0.06
0.73 6 0.07

0.612
0.030

0.69 6 0.07
0.69 6 0.07

0.67 6 0.05
0.68 6 0.05

0.67 6 0.06
0.67 6 0.06

0.860
0.560

0.64 6 0.05
0.64 6 0.07

0.59 6 0.06
0.61 6 0.05

0.58 6 0.06
0.60 6 0.05

0.010
0.017

1.54 6 0.16
1.49 6 0.16
6.15 6 0.63A

1.53 6 0.16
1.48 6 0.13
5.84 6 0.54B

1.55 6 0.17
1.48 6 0.17
5.86 6 0.06B

0.657
0.459
0.001

Data represented as percent intracranial volume (mean 6 SD). *Models were adjusted for age and sex.
A, B
Within each row, each letter represents signiﬁcantly different group means based on Tukey’s post hoc
testing.
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Regional GM Volumes. The relationships
between cerebellar GM volume and walking outcomes were also strongest within
the DPN group. Similar to global GM
volume, linear models adjusted for age,
sex, and body mass revealed group differences in the relationship between cerebellum GM volume and each walking
outcome, i.e., groups by GM volume
interactions were observed for walking
speed (F = 8.5, P = 0.002), stride duration
variability (F = 6.8, P = 0.003), and double support (F = 6.5, P = 0.004). In both
the DPN and DM groups, smaller cerebellum volume was associated with slower
walking speed, greater stride duration
variability, and longer double support.
Each relationship was stronger in the
DPN than the DM group (P = 0.01).
Within the control group, GM volume
within this region was not related to any
walking outcome.
In the DPN group, GM volume within
the dorsolateral prefrontal cortex and basal
ganglia was also associated with walking
outcomes. Less GM volume within the right
dorsolateral prefrontal cortex associated
with slower walking speed (F = 6.7, P =
0.005), and less GM volume within the
right basal ganglia associated with increased stride duration variability (F =
6.7, P = 0.005). In contrast, GM volumes
in these regions were not related to any
walking outcome in either the DM or
control groups.
GM volumes within the other analyzed
regions (i.e., the left dorsolateral prefrontal
cortex, the right or left pre/postcentral gyri,
the left basal ganglia) were not related to
walking outcomes in any group.
Figure 1dThe effects of DPN on walking
outcomes (means 6 SE). For each metric,
bars with different A, B, and C symbols reﬂect signiﬁcantly different group means
based on Tukey’s post hoc testing of adjusted
models. The DPN group walked more slowly,
demonstrated greater stride duration variability, and spent more time in double support as compared with the DM and/or control
groups.

duration variability (F = 5.7, P = 0.004),
and double support (F = 7.2, P = 0.001)
(Fig. 2). Diabetic subjects with smaller
global GM volume walked more slowly,
demonstrated greater stride duration variability, and spent more time in double
support. These relationships were most
prominent in the DPN group (P = 0.008).
In contrast, global GM volume was not related to any of the walking outcomes in the
control group.
4
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CONCLUSIONSdSubjects with DPN
walked more slowly, demonstrated greater
variability in stride duration, and spent
longer time in double support as compared
with both age-matched control subjects and
DM patients without foot-sole somatosensory impairment. Within the DPN group,
abnormalities in walking patterns were
strongly associated with GM volume. Those
with smaller global GM volume walked
more slowly with greater stride duration
variability and longer double support. Less
GM volume within the cerebellum, as well
as within the right hemisphere of the dorsolateral prefrontal cortex and basal ganglia,
was also associated with worse performance
in one or more walking outcome within the
DPN group. In control subjects, on the other
hand, neither global nor regional GM
volumes were associated with any of the
measured walking outcomes.

Older adults with slower, more variable walking patterns are at greater risk of
future functional decline (20) and falls
(6). In DPN patients, such alterations
have been attributed to peripheral nerve
deterioration and related sensorimotor
complications (3,21–26). In the current
study, diabetes was associated with less
GM volume only within the cerebellum.
Walking outcomes, however, were strongly
related to cortical GM volumes both
globally and across multiple sensorimotor regions within this population. In
fact, in those DPN subjects with relatively
large GM volumes, walking outcomes
were comparable with many of their
healthy age-matched counterparts (e.g.,
Fig. 2). This observation suggests that intersubject differences in cortical GM volume are in part responsible for the high
interindividual variance in walking outcomes often observed in the DPN population. Although further longitudinal studies
are needed, the current study highlights the
notion that DPN-related walking disturbances may not arise solely as a result of
peripheral nerve impairment, but rather
stem from the interplay between the peripheral and central sensorimotor systems.
In contrast with the strong relationships observed between GM volumes and
walking outcomes in the DPN group, and
to a lesser extent the DM group, neither
global nor regional GM volumes related to
any walking outcome within the group of
age-matched control subjects. Together,
these observations suggest that in the
presence of impairment to one or more
elements of the motor control system,
balance may become more dependent
upon cortical GM volume. This observation is supported by our previous report
of poststroke standing postural sway, i.e.,
tissue volumes within unaffected brain regions were closely related to the magnitude
of postural sway in patients with chronic
cerebral infarction, but not in age-matched
control subjects (9). Still, because both that
study and the current study were based on
relationships among brain structure and
behavioral outcomes, research using functional neuroimaging during standing and
walking is warranted to determine whether
the relationships between the characteristics of cortical activity and behavioral outcomes also differ between healthy and
diseased older adults.
In the DPN group, GM volumes within
regions linked to motor control (i.e., the
cerebellum and right basal ganglia) as well
as cognitive processing and executive function (i.e., the right dorsolateral prefrontal
care.diabetesjournals.org
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on average, than DM subjects. Type 2
diabetes severity (i.e., HbA1c and fasting
glucose) was similar between groups, however, and measures of diabetes duration
and severity were not related to any walking outcome. The group difference in diabetes duration therefore did not likely
inﬂuence relationships between brain volumes and walking outcomes. Although
foot pain affects balance (34), relatively
few subjects reported this symptom and it
did not relate to walking outcomes in this
cohort. Regions-of-interest were selected
based on known contributions to sensory,
motor, and/or cognitive function. GM volume within other regions may also relate to
walking outcomes in older adults with or
without DPN and should be explored. Finally, studies examining cortical activity
during walking in older adults with and
without DPN will provide additional insight into the changing role of supraspinal
elements in the control of walking in older
adults with DPN and related foot-sole somatosensory impairment.

Figure 2dThe effects of DPN and DM on the relationship between walking outcomes and global
GM volume. Pairwise r2 and P values are listed above each scatter plot. GM volumes were normalized to intracranial volumes (ICV). Linear regression models adjusted for age, sex, and body
mass revealed that the relationships between global GM volume and each walking outcome were
signiﬁcantly stronger within the DPN group as compared with the DM group, and within the DM
group as compared with control subjects.

cortex) were related to one or more walking
outcome. First, less GM within the cerebellum was associated with worse performance in each walking outcome, and
less GM within the right basal ganglia was
speciﬁcally associated with increased
stride duration variability. These results
are supported by a large body of evidence
implicating both regions in the control of
motor control and balance (12,13,27–30)
and the basal ganglia in particular with the
timing of motor output (12,31). On the
other hand, Rosano et al. (19) reported
that GM volume within these regions did
not predict step length or double support
time in a large sample of older adults. That
study, however, was population based and
did not examine relationships separately in
those individuals with and without somatosensory impairment. Second, within the
care.diabetesjournals.org

DPN group only, less GM volume within
the right dorsolateral prefrontal cortex related to slower walking speed. This observation is supported by Rosano et al. (19), who
reported a positive relationship between GM
volume in this region and several outcomes
related to walking speed in relatively healthy
older adults. Because the dorsolateral prefrontal cortex supports executive function
and attentional processes (32), the link between this region and walking may indicate
that DPN patients require greater higherorder cognitive processing to control walking speed. This premise is supported by the
observation that performing a concurrent
cognitive task induces greater walking disturbances in DPN patients as compared
with their healthy counterparts (33).
DPN subjects were diagnosed with
type 2 diabetes more than two years longer,
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