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Diabetic distal symmetrical peripheral polyneuropathy

(DSP) results in decreased somatosensory cortical gray

matter volume, indicating that the disease process may

produce morphological changes in the brains of those

affected. However, no study has examined whether

changes in brain volume alter the functional organization

of the somatosensory cortex and how this relates to the

various painful DSP clinical phenotypes. In this case-

controlled, multimodal brain MRI study of 44 carefully

phenotyped subjects, we found significant anatomical

and functional changes in the somatosensory cortex.

Subjects with painful DSP insensate have the lowest

somatosensory cortical thickness, with expansion of

the area representing pain in the lower limb to include

face and lip regions. Furthermore, there was a significant

relationship between anatomical and functional changes

within the somatosensory cortex and severity of the

peripheral neuropathy. These data suggest a dynamic

plasticity of the brain in DSP driven by the neuropathic

process. It demonstrates, for the first time in our knowl-

edge, a pathophysiological relationship between a clini-

cally painful DSP phenotype and alterations in the

somatosensory cortex.

Distal symmetrical peripheral polyneuropathy (DSP)

develops in up to 50% of patients with diabetes (1).
Most patients develop a painless neuropathy that

increases the risk of foot ulceration and subsequent am-

putation. A significant proportion of patients also develop

a chronic painful condition that can result in considerable

disability and suffering (2,3). Detailed sensory phenotyp-
ing has shown distinct sensory profiles of patients with

painful compared with painless DSP (4). Moreover, the

sensory profiles of patients with painful DSP were not

homogeneous, with a significant proportion of patients

demonstrating positive sensory signs, such as dynamic

mechanical allodynia (4). No clear pathophysiological ex-

planation exists for this spectrum of neuropathic pheno-

types in DSP. Much of the research focus has been on the
peripheral nervous system only, with potential central

nervous system (CNS) involvement largely overlooked.

Although some evidence for CNS involvement has emerged

recently (5–7), further research of the extent of this in-

volvement may be crucial for a greater understanding of

the pathologic mechanisms of DSP, now made possible

with advances in noninvasive MRI (8).

Structural and functional cortical plasticity is a fun-
damental property of the human CNS that enables

adjustment to nerve injury (9,10). However, it can

have maladaptive consequences, possibly resulting in

chronic pain (11–13). We have previously demonstrated

a clear reduction in both spinal cord cross-sectional area

(14,15) and primary somatosensory cortex (S1) (16) gray

matter volume in DSP. Studies in other pain conditions

also have reported dynamic structural and functional
plasticity that have profound effects on the brain in

patients with neuropathic pain (17–19). Collectively, these

studies led us to hypothesize that both structural and
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functional brain plasticity underly the various clinical phe-
notypes of DSP. Hence, the principal aim of this study was

to use combined, structural, and functional MRI (fMRI) to

examine the organization of the S1 in DSP. To our knowl-

edge, no study has examined this previously in DSP. If DSP

is associated with cortical plasticity, then these changes

may ultimately determine the clinical phenotype.

RESEARCH DESIGN AND METHODS

The study included 44 right-handed subjects (35 with type
1 diabetes and 9 healthy volunteers [HVs]). Inclusion cri-

teria were type 1 diabetes for .5 years, right-handedness,

age between 18 and 65 years, stable glycemic control

(HbA1c ,11% [97 mmol/mol]), and willingness to discon-

tinue neuropathic pain medications before MRI scan.

Exclusion criteria were clinical evidence of disease in the

CNS (e.g., cerebrovascular disease), nondiabetic neuropa-

thies, history of alcohol consumption of .20 units/week
(1 unit is equivalent to 1 glass of wine or 1 measure of

spirits), diabetic neuropathies other than DSP (e.g., mono-

neuropathies, proximal motor neuropathies), epilepsy, re-

current severe hypoglycemia, hypoglycemic unawareness,

psychiatric conditions, or claustrophobia or other factors

that preclude MRI. We also recruited age- and sex-

matched, right-handed, HVs without diabetes. All HVs

were free of chronic pain conditions and were not using
analgesic medications or alternative therapies for pain.

Written informed consent was obtained before participa-

tion in the study, which had prior approval by the Shef-

field local research ethics committee (reference number

08/H1308/276).

Sensory Phenotyping

All subjects underwent detailed clinical and neurophys-

iological assessments. The outcome of a detailed upper-

and lower-limb neurological examination was graded

using the Neuropathy Impairment Score questionnaire

(20). The following neurophysiological assessments were

then performed: 1) vibration and warmth thermal pain

detection thresholds acquired from the dorsal aspect

of the right foot using the CASE IV system (WR Med-
ical Electronics, Maplewood, MN) using standard tech-

niques (21,22), 2) cardiac autonomic function tests

performed with a computer-assisted technique according

to O’Brien’s protocol (23), and 3) nerve conduction studies

performed at a stable skin temperature of 31°C and

a room temperature of 24°C using a Medelec Synergy

electrophysiological system (Oxford Instruments, Ox-

ford, U.K.). The following nerve attributes were mea-
sured: 1) sural sensory nerve action potentials and

conduction velocities and 2) common peroneal and tibial

motor nerve distal latency, compound muscle action

potential, and conduction velocity. An overall neuropathy

composite score (NCS) derived from transformed percen-

tile points of abnormalities in nerve conduction studies,

vibration detection thresholds, and heart rate variability

with deep breathing was calculated in accordance with

criteria proposed by Dyck et al. (24). On the basis of the
Toronto consensus statement (23), all subjects with DSP

had confirmed neuropathy with at least two abnormal-

ities on neurophysiological assessments.

Painful DSP Sensate Versus Insensate

Painful DSP was defined according to International Associ-

ation for the Study of Pain definition of neuropathic pain

(25) and scored using the Neuropathy Total Symptom Score-
6 (NTSS-6) questionnaire (26). NTSS-6 evaluates the fre-

quency and intensity of neuropathic sensory symptoms

frequently reported in DSP (i.e., numbness and/or insensi-

tivity, prickling and/or tingling sensation, burning sensation,

aching pain and/or tightness; sharp, shooting, lancinating

pain; allodynia and/or hyperalgesia). Only subjects with

painful DSP with distal symmetrical painful neuropathic

symptoms involving the feet and legs present for at least
6 months were included.

On the basis of clinical and neurophysiological assess-

ments subjects with painful DSP were divided into two

groups: painful DSP insensate (n = 8), wherein subjects

are characterized by lower-limb sensory loss dominated

by small- and large-fiber clinical and neurophysiological

abnormalities, likely representing the deafferentation or

painful hypoesthesia phenotype (27), and painful DSP
sensate (n = 9), wherein subjects have with relatively

preserved small- and/or large-fiber function in combina-

tion with thermal (heat) hyperalgesia and low-intensity

dynamic mechanical allodynia, likely representing the

sensory gain phenotype or irritable nociceptor sub-

group described by others (24). The remaining subjects

with diabetes were divided into two control groups (28):

no DSP (n = 9), wherein asymptomatic subjects have
normal clinical and neurophysiological assessments,

and painless DSP (n = 9), wherein subjects have pain-

less neuropathy with abnormal clinical assessment

and at least two abnormalities on neurophysiological

assessment.

Psychophysics

Before MRI, we performed a pain calibration procedure
using methods described in previous work (29) (Supple-

mentary Data). For each subject, we determined the tem-

perature required to obtain a pain score of at least 7 using

a numeric rating scale (NRS) (0 = no pain, 10 = worse pain

imaginable). A maximum temperature of 47.9°C was used

to prevent scalding.

MRI Acquisition and fMRI Task Design

We used a 3.0 T scanner (Achieva 3T; Philips Medical

Systems, Holland, the Netherlands) to scan all subjects.

Anatomical data were acquired using a T1-weighted mag-

netization prepared rapid acquisition gradient echo se-

quence with the following parameters: repetition time

7.2 ms, echo time 3.2 ms, flip angle 8°, and voxel size

0.9 mm3, yielding isotropic spatial resolution. Functional

data on the basis of the blood oxygenation level–dependent
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(BOLD) signal were acquired using a single-shot gradi-
ent echo-planar T2*-weighted pulse sequence, with the

following parameters: repetition time 3,000 ms, echo time

35 ms, and in-plane pixel dimensions 1.8 3 1.8 mm. Con-

tiguous transaxial slices with slice thickness of 4 mm were

oriented in the oblique axial plane parallel to the anterior-

posterior commissure bisection, covering the whole cortex,

with partial coverage of the cerebellum. Two hundred three

temporal dynamics were acquired per boxcar function

run. Throughout scanning, we also continuously mon-

itored heart rate (electrocardiogram and peripheral

pulse) and respiration through the built-in scanner

monitoring/triggering device (Philips Medical Systems).

After calibration and training, subjects were positioned

in the scanner, and an MRI-compatible heat probe was

place on the dorsum of the right foot or anterior aspect of

the thigh. Subjects were randomized to begin stimulation

of either the foot or the thigh. During each period, fMRI

images were acquired over seven functional runs. A classic

block design was used consisting of baseline and stimulus,

alternating seven times. Each functional run comprised an

alternating 30-s period of tonic heat stimulation followed

by rest. The intensity of painful heat stimulation applied

to the foot and thigh was calibrated for each subject. The

slope of thermal stimulus applied was 5°C/s. Thermal stim-

ulus was delivered using a Peltier-driven thermotest device

with an fMRI-compatible thermode (probe size 3 3 3 cm,

PATHWAY Model CHEPS neurosensory analyzer; Medoc,

Ramat Yishai, Israel). The duration of rest periods was

pseudorandomized to 50, 55, and 60 s to minimize the

anticipation of the next stimulation period (Fig. 1 and

Supplementary Data). Subjects were instructed to keep still

during the scanning, which was verified visually. At the end

of the scan, subjects once again were asked to rate the level

of heat pain in the foot and thigh experienced during the
fMRI. We also asked subjects to rate the unpleasantness of

the experience when heat pain was applied to the foot and

thigh (separately) using an NRS (0 = not unpleasant/tolerable,

10 = extremely unpleasant/intolerable).

MRI Analyses

Cortical Thickness

Cortical reconstruction and volumetric segmentation were

performed with FreeSurfer software (http://surfer.nmr

.mgh.harvard.edu). This processing includes motion correc-

tion and averaging (30) of volumetric T1-weighted images,

removal of nonbrain tissue using a hybrid watershed/
surface deformation procedure (31), affine registration to the

Talairach atlas (32,33), intensity normalization, tessellation

of the gray matter-white matter boundary, automated

topology correction (34,35), and surface deformation fol-

lowing intensity gradients to optimally place the gray/white

and gray/cerebrospinal fluid borders at the location where

the greatest shift in intensity defines the transition to the

other tissue class (36,37). Surface-based maps are created
from the intensity and continuity information from the

entire three-dimensional MR volume in segmentation and

deformation procedures to produce representations of cor-

tical thickness calculated as the closest distance from the

gray/white boundary to the gray/cerebrospinal fluid bound-

ary at each vertex on the tessellated surface (34). Cortical

thickness (in mm, sensorimotor regions S1 and precentral

cortex) and deep brain nuclei volumes (in mm3, thalamus,
caudate, and insula) were measured. Results of cortical

thickness analyses are presented in Table 3 and Fig. 2.

Significant differences in regional cortical thickness and

deep brain nuclei volumes among study cohorts were ex-

amined using ANOVA. In addition, S1 cortical thickness

Figure 1—Sensory descriptors. Means and 95%CIs of the six pain descriptors and total score from the NTSS-6 by subjects with painful DSP

sensate and insensate. *P , 0.05.
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that significantly correlated to the degree of neuropathy
severity (NCS), and pain scores (NTSS-6 and evoked pain)

were determined in subjects with painful DSP (sensate and

insensate) using Pearson correlation for normally distributed

data and Spearman rank correlation for nonnormally dis-

tributed data. This analysis was used to examine the asso-

ciation between volume changes in the S1 and markers of

neuropathy severity.

fMRI Analysis

MRI data acquisition, preprocessing (FNIRT), and analyses

followed standard procedures (Supplementary Data). Func-

tional imaging data were processed using the Oxford Centre

for Functional MRI of the Brain (FMRIB) expert analysis
tool FEAT version 5.98 (www.fmrib.ox.ac.uk/fsl) (38). To

allow us to focus specifically on topographical shifts in body

part representation, we conducted two different analyses.

Cortical Distance Analysis of Peak Activation. First, we

examined differences in the Euclidean distances (EDs) of

peak activation within the contralateral S1. A region of

interest (ROI) comprising the contralateral S1 was used to

restrict the fMRI analysis to the gray matter of the S1 for

each subject. The maximally activated voxel within this
ROI during each tonic heat stimulation paradigm was

determined. The spatial position of this voxel was located

for each subject by measuring the ED between it and

a standard anatomical point (the point at which the central

sulcus meets the longitudinal fissure at the dorsal aspect of

the brain). This procedure has been described in detail

previously (13). The ED between the anatomical marker

and the maximally activated voxel in the S1 ROI was
computed for the anterior-posterior, medial-lateral, and

superior-inferior coordinates. The ED between two points

was calculated using the Pythagorean theorem and pro-

vided an absolute value independently of direction (12). An

ANOVA was used to determine the significant differences

in the ED of peak S1 activation between study cohorts.

However, the ED method only examines the differences in

the location of peak activation during thermal nociceptive
stimulation between cohorts; it does not examine the full

extent of neuronal activation.

Analysis of the Extent of S1 Receptive Field Activa-

tion. Next, to examine the group differences in the extent

of S1 activation, we estimated activity maps for each

condition (foot and thigh stimulation) within each sub-

ject by applying a voxel-based general linear model, as

implemented in FEAT. For each subject, a set of regres-

sors was constructed for conditions of interest (heat

stimulation of the foot and thigh) using the block design
paradigm convolved with a g-function, and its temporal

derivative was used to model the activation time course.

The parameter estimates (regression slopes) for each

condition thus provided an estimate at each voxel of

the activation intensity for that condition. The second-

level analysis (i.e., group analysis) was performed to

identify condition-specific patterns of activation for

each group (i.e., HV, no DSP, painless DSP, painful

DSP sensate, painful DSP insensate). This whole-brain
group-level analysis was carried out using FMRIB’s local

analysis of mixed effects (39). The main condition con-

trasts were defined using painful DSP insensate as the

main comparator group versus 1) HV, 2) no DSP, 3) pain-

less DSP, and 4) painful DSP sensate. Z (Gaussianized

T/F) statistic images were thresholded using clusters

determined by Z .2, and a family-wise error–corrected

cluster significance threshold of P , 0.05 was applied to
the suprathreshold clusters to correct for multiple compar-

isons. For presentation purposes, the activation maps were

smoothed using a full-width at half maximum of 4 mm

and thresholded at Z .1.5. A group-level analysis was per-

formed using FMRIB’s local analysis of mixed effects, with

painful DSP insensate as the main comparator group. Using

this analysis, we compared the pattern of neuronal activa-

tion in subjects with painful DSP insensate with the other
study cohorts.We asked which brain regions aremore active

during nociceptive warm thermal stimulation in subjects

with painful DSP insensate compared with the other

cohorts and vice versa. The resulting maps were visually

inspected to verify that the clusters of activation were

located along the S1 strip. For each comparison, we iden-

tified voxels within the S1 that displayed significant

increases in signal intensity. In each subject, we determined
the percent change during nociceptive warm thermal stim-

ulation (relative to baseline rest periods) in signal intensity

over time centered around the maximally activated voxel

and the significant differences between groups assessed

(Mann-Whitney U test P , 0.05). In addition, Z scores

of S1 signal intensity that were significantly correlated to

severity of neuropathy (NCS), pain scores (NTSS-6 and

evoked pain scores), and S1 cortical thickness were de-
termined using Pearson correlation for normally distributed

data and Spearman rank correlation for nonnormally dis-

tributed data. This analysis was performed to examine the

association between the functional reorganization of the S1

and S1 cortical volume changes and clinical markers of

neuropathy severity. The Z score was chosen because it is

assumed to be more appropriate than the magnitude of

difference in that it also considers the variance in the signal.

Statistical Analyses

Statistical analysis was carried out with SPSS version 21

software (IBM Corporation). Group differences on demo-

graphic characteristics and psychophysical experiments

were compared using ANOVA. Subsequent subgroup com-
parisons were performed using a post hoc analysis.

RESULTS

Overall, subjects with DSP were older (F[4,39] = 0.36,

ANOVA P = 0.83) than subjects with no DSP. To minimize

the potential effect of age on study outcome measures, we

recruited an older cohort of HVs. No significant difference

was found in duration of diabetes between the diabetes

groups (F[3,31] = 0.53, ANOVA P = 0.98) (Table 1). There

were no significant differences in post hoc analyses of
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group mean for age or duration of diabetes, and there was

no significant difference in mean HbA1c (F[3,31] = 1.65,

ANOVA P = 0.20). As expected, a x2 test for independence

indicated a significant association between neuropathy

and retinopathy status (x2[6,35] = 13.8, P = 0.03).

Sensory Profiling

All subjects with painful DSP had a distal symmetrical

peripheral neuropathy that affected the feet and legs and was

sparing of the thigh. Pain duration (t[15] = 0.32, P = 0.76) and

intensity (t[15] = 0.14, P = 0.89) was comparable between the

two painful DSP groups (Table 1). Using the NTSS-6 to assess

pain descriptors, it was found that subjects with painful DSP

reported typical neuropathic symptoms (Fig. 1). Those with
painful DSP sensate, however, reported significantly higher

mean scores for allodynia than those with painful DSP in-

sensate (2.48 [1.4] vs. 0.83 [1.5], t[15] = 2.27, P = 0.04).

Psychophysics

No significant difference in temperature was applied to the

foot (F[4,39] = 1.3, P = 0.29) (Table 2 includes post hoc

analyses). Unsurprisingly, subjects with painless DSP and

painful DSP insensate had the lowest NRS pain scores

(F[4,39] = 12.4, ANOVA P , 0.001) and unpleasantness
scores (F[4,39] = 2.92, ANOVA P = 0.03). Upon thigh

stimulation, no significant difference was found in tem-

perature (F[4,39] = 1.03, ANOVA P = 0.40), NRS pain

(F[4,39] = 0.59, ANOVA P = 0.67), or unpleasantness

(F[4,39] = 0.24, ANOVA P = 0.92) scores.

Cortical Thickness

Subjects with painful DSP insensate had significantly lower

mean bilateral S1 (3.60 [0.1] mm, F[4,39] = 5.78, ANOVA

P = 0.001) cortical thickness compared with other study

cohorts (HV 4.04 [0.1] mm, no DSP 3.85 [0.2] mm,

Table 1—Demographic characteristics of each study cohort

HV No DSP Painless DSP

Painful DSP

sensate Painful DSP insensate P value

n 9 9 9 9 8

Age (years) 51.5 (7.9) 45.9 (10.1) 46.3 (12.1) 48.4 (12.0) 44.5 (12.1) 0.83

Sex, male (n) 1 6 7 5 6 0.03

Diabetes duration (years) NA 22.8 (14.9) 21.4 (8.1) 23.4 (10.2) 23.2 (12.6) 0.98

Pain duration (years) NA NA NA 6.8 (6.3) 7.8 (7.3) 0.76

HbA1c (mmol/mol) NA 72.8 (17.4) 68.0 (7.7) 72.8 (13.9) 87.7 (28.1) 0.30

HbA1c (%) NA 8.8 8.4 8.8 10.2

NTSS-6 score NA NA NA 11.3 (5.1) 11.2 (4.4) 0.96

Vibration JND NA 14.7 (2.2) 19.3 (4.6) 21.4 (3.9) 24.3 (1.7) 0.002

NCS NA 1.4 (1.8) 10.6 (7.1) 9.0 (5.3) 19.1 (0.83) <0.001

Retinopathy status (n) NA 0.03

No DR 2 3 2 2

Mild nonproliferative DR 7 3 4 0

Moderate/severe nonproliferative DR 0 3 3 6

Data are mean (SD) unless otherwise indicated. ANOVA was used to determine the P value. Boldface type indicates significance at P ,

0.05. DR, diabetic retinopathy; JND, just noticeable difference; NA, not applicable.

Table 2—Results of psychophysical experiments conducted before MRI

HV No DSP Painless DSP Painful DSP sensate Painful DSP insensate P value

Foot

Temperature 45.7 (1.1) 46.2 (1.3) 47.1 (1.0) 46.5 (1.1) 46.1 (1.7) 0.29

Pain score 8.1 (0.8) 8.1 (0.4) 5.4 (3.5) 7.4 (1.6) 1.6 (3.1) <0.001

Unpleasantness score 7.2 (1.6) 7.1 (1.3) 5.6 (3.4) 5.5 (2.1) 3.4 (3.3) 0.03

Thigh

Temperature 45.7 (1.4) 45.5 (1.2) 45.3 (1.6) 46.5 (0.7) 45.8 (1.4) 0.40

Pain score 7.5 (0.8) 7.7 (0.8) 7.9 (0.9) 7.1 (1.4) 7.5 (1.9) 0.59

Unpleasantness score 6.2 (2.3) 6.6 (1.4) 6.0 (2.8) 6.1 (1.8) 6.2 (2.3) 0.92

Data are mean (SD). Boldface type indicates significance at P , 0.05. Noxious thermal heat stimulation was applied to the right foot

(neuropathic site) and thigh (nonneuropathic control site). Mean temperature required to achieve a pain score (0 = no pain, 10 =worst pain)

of at least 7 was recorded. Subjects also were asked to rate unpleasantness (0 = not unpleasant, 10 = most unpleasant). Sequence of

thermal stimulus application to foot and thigh was randomized across subjects. Post hoc analysis for foot pain score: painful DSP

insensate vs. HV (P, 0.001), no DSP (P, 0.001), and painful DSP sensate (P, 0.001); painless DSP vs. HV (P = 0.02), no DSP (P = 0.02),

and painful DSP sensate (P = 0.06); and painful DSP insensate vs. painless DSP (P = 0.002). Post hoc analysis for foot unpleasantness

score: painful DSP insensate vs. HV (P = 0.005) and no DSP (P = 0.006).
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painless DSP 3.82 [0.2] mm, painful DSP sensate 3.88 [0.2]
mm) (Table 3 [includes post hoc analyses] and Fig. 2).

Unilateral evaluation showed significant differences in

both left- and right-side S1 cortical thickness (F[4,39] =

5.30 [ANOVA P = 0.002] and 6.46 [ANOVA P , 0.001],

respectively). On average, somatosensory cortical thick-

ness was 12.2% lower in subjects with painful DSP

insensate than in HVs. We also examined other pain,

sensory, and motor processing areas, and the only other
significant difference was in the precentral gyrus thickness

(painful DSP insensate 4.43 [0.2] mm vs. HV 4.73 [0.2]

mm, no DSP 4.74 [0.3] mm, painless DSP 4.63 [0.2] mm,

painful DSP sensate 4.77 [0.2] mm; F[4,39] = 4.98; ANOVA

P = 0.009). No significant difference emerged between

painful DSP and other study cohorts in bilateral measures

for caudate volume (F[4,39] = 0.92, ANOVA P . 0.4), and

differences fell short of significance for thalamic volume
(F[4,39] = 1.83, ANOVA P = 0.14) and insula cortical

thickness (F[4,39] = 1.90, ANOVA P = 0.13). Unilateral

evaluation showed no significant differences in either left-

or right-sided caudate and a trend-level difference in left

thalamus (F[4,39] = 2.17, ANOVA P = 0.09). For subjects

with painful DSP (sensate and insensate), a moderate and

significant correlation was found between foot-evoked pain

scores and S1 cortical thickness but not for the precentral
gyrus thickness (Fig. 2). Evoked foot pain scores, a measure

of small c-fiber function and foot sensitivity, correlated with

left-side (r = 0.44, P = 0.004) and right-side (r = 0.47, P =

0.002) S1 cortical thickness (Fig. 2C). Furthermore, there

was a significant negative correlation between NCS and S1

cortical thickness (r = 20.60, P = 0.01) (Fig. 2D). No

significant correlations were found between thigh-evoked

pain scores and measures of cortical thickness. For subjects
with painful DSP (sensate and insensate), there was no

significant correlation between reported pain scores (NTSS-

6) and measures of cortical thickness or volumes of deep

gray matter nuclei. There was no significant difference in
peripheral gray matter (F[4,39] = 1.2, ANOVA P = 0.32),

total gray matter (F[4,39] = 0.85, ANOVA P = 0.50), and

whole-brain (F[4,39] = 2.1, ANOVA P = 0.11) volumes

among study groups.

fMRI

Because subjects with painful DSP insensate had the great-

est reduction in S1 cortical thickness, we reasoned that
there will be accompanying functional changes in the

topographical organization of the S1. Statistical paramet-

ric maps showing brain areas significantly activated in

response to stimulation are shown in Supplementary

Fig. 3. In all groups, tonic heat stimulation of the right foot

(Supplementary Fig. 3A) resulted in increased BOLD re-

sponse in the left-side S1, thalamus, insula, and anterior

cingulate gyrus consistent with the well-described repre-
sentation of pain. Similar areas of increased BOLD re-

sponse were seen with thigh stimulation (Supplementary

Fig. 3B). In all subjects, tonic heat stimulation of the foot

and thigh resulted in a lateral-to-medial pattern of acti-

vation within the contralateral S1, consistent with the

sensory homunculus. The precise locations of S1 acti-

vations were similar in all four groups. The ED of peak

activation within the left-side S1 was not significantly
different across study groups for both foot (F[4,39] =

0.64, ANOVA P = 0.63) (Supplementary Fig. 2) and thigh

(F[4,39] = 0.39, ANOVA P = 0.85) stimulation.

There were, however, significant differences in BOLD

response in subjects with painful DSP insensate compared

with the other study cohorts during both foot (Fig. 3) and

thigh (Fig. 4) stimulation. That is, subjects with painful

DSP insensate displayed significant S1 functional reorga-
nization in which there was an expansion of the area

representing pain in the lower limb to include regions

representing the face and lips. Finally, there was

Table 3—Brain volumes, bilateral regional cortical thicknesses, and deep brain nuclei volumes

HV No DSP Painless DSP

Painful DSP

sensate

Painful DSP

insensate P value

Brain volume, mL

Peripheral gray 626.7 (27.2) 622.6 (24.6) 604.9 (23.8) 606.8 (52.4) 591.6 (25.0) 0.32

Gray matter 792.9 (30.9) 788.7 (31.8) 767.9 (29.0) 763.6 (62.5) 777.5 (43.5) 0.50

White matter 729.8 (41.4) 721.0 (43.9) 709.8 (27.6) 694.5 (26.7) 751.3 (12.9) 0.04

Whole brain 1,522.7 (59.1) 1,509.6 (64.7) 1,477.7 (27.1) 1,458.0 (83.4) 1,528.9 (46.0) 0.11

Cortical thickness, mm

Postcentral 4.04 (0.1) 3.85 (0.2) 3.82 (0.2) 3.88 (0.2) 3.60 (0.1) 0.001

Precentral 4.73 (0.2) 4.74 (0.3) 4.63 (0.2) 4.77 (0.2) 4.43 (0.2) 0.009

Deep brain nuclei volume, cm3

Thalamus 6.55 (0.5) 7.39 (0.8) 6.91 (0.4) 6.66 (0.9) 6.71 (0.8) 0.14

Caudate 3.40 (0.5) 3.64 (0.5) 3.67 (0.4) 3.41 (0.5) 3.68 (0.3) 0.46

Insula 5.81 (0.3) 5.89 (0.2) 5.90 (0.3) 5.71 (0.4) 5.56 (0.2) 0.13

Data are mean (SD). Boldface type indicates significance at P, 0.05. Post hoc analysis: white matter volume: painful DSP insensate vs.

painless DSP (P = 0.03), painful DSP insensate vs. painful DSP sensate (P = 0.004), and HV vs. painful DSP sensate (P = 0.04); postcentral

gyrus thickness: painful DSP insensate vs. HV (P , 0.001), no DSP (P = 0.008), painless DSP (P = 0.02), and painful DSP sensate (P =

0.003); precentral gyrus thickness: painful DSP insensate vs. HV (P = 0.004), no DSP (P = 0.003), painless DSP (P = 0.05), and painful DSP

sensate (P = 0.002).
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a significant relationship between the activation intensity in

the face/lip region and severity of neuropathy (NCS r = 0.74,

P, 0.001), neuropathic pain score (NTSS-6 r =20.45, P =

0.04), evoked foot pain score (r = 20.46, P = 0.03), and S1

cortical thickness (r = 20.57, P = 0.01) (Supplementary

Fig. 4).

DISCUSSION

Using a multimodal neuroimaging approach, these data

show a reduction in S1 cortical thickness and a remapping

of S1 sensory processing in patients with painful DSP

insensate and that the magnitude of cortical response in

the face/lip S1 region to tonic heat stimulation is nega-

tively correlated with S1 cortical thickness. Furthermore,

the extent to which S1 structure and function is altered is

related to the severity of neuropathy and the magnitude of
self-reported and tonic heat-evoked pain intensity ratings.

Thus, only in the painful DSP insensate group is the

altered structural and functional organization of S1

linked to both behavioral and brain responses to heat

hyperalgesia. This study is the first in our knowledge to

demonstrate a relationship between patient sensory phe-

notypes and brain structural and functional changes in

DSP.

Although the painful/painless diabetic foot has long

been recognized, there has been a lack of a pathophysi-

ological explanation for such patients who have severe

neuropathic pain in the absence of sensation in their feet

(40). Advances have been made in the sensory profiling of

patients with diabetes (Pain in Neuropathy Study [PiNS])

(4) as well as early indications that an individual’s pain

phenotype may predict response to treatment (41). How-
ever, a pathophysiological explanation at both the periph-

eral and the central level for these phenotypes is limited.

The current study has tried to explore in carefully pheno-

typed patients whether a correlation exists between CNS

structural/functional changes and various sensory pheno-

types. Patients with painful DSP insensate had the greatest

severity of neuropathy (NCS) and the greatest reduction in

S1 cortical thickness. Hence, the most likely explanation
for the reduction in S1 cortical thickness is deafferentation

or a dying-back axonopathy that principally affects the

sensory neurons in DSP. This explanation is in keeping

with our previous findings (5,15,16,42,43), but we also

demonstrate a widening of S1 functional representation

of both the foot and the thigh in patients with painful

DSP insensate. It is plausible that the reduction in

cortical thickness has led to recruitment of viable/functioning

Figure 2—A and B: Box-and-whisker plots (median and quartiles) of postcentral gyrus and precentral gyrus cortical thickness (in mm) for

each study cohort. C and D: Spearman rank correlation between S1 cortical thickness (in mm) and foot pain score and NCS S1 cortical

thickness for subjects with painful (P) DSP sensate and P-DSP insensate.
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Figure 3—Whole-brain voxel-wise group analysis of tonic heat stimulation of the foot for subjects with painful DSP insensate compared with

HVs (A andB) and subjects with no DSP (C andD), painless DSP (E and F ), and painful DSP sensate (G andH). Themap shows activation that

exceeds a threshold of Z.1.5 and a family-wise error–corrected cluster significance threshold of P, 0.05 (for display only). A, C, E, and G:

The blue circle demonstrates the region of greatest activation within the S1 in HVs and subjects with no DSP, painless DSP, and painful DSP

sensate compared with subjects with painful DSP insensate. B, D, F, and H: The blue circle demonstrates the region of greatest activation

within the S1 in subjects with painful DSP insensate compared with the other study cohorts. Box plots display median, interquartile range,

and minimum and maximum values for percent change in signal intensity (SI%) from the region of greatest activation highlighted by the blue

circle. Subjects with painful DSP insensate showed displacement of the lateral border of the foot into the face/lip area. Group comparisons of

parameter estimates were performed using Mann-Whitney U test, and P , 0.05 (two-tailed) indicated significance.
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Figure 4—Within-group analysis of tonic heat stimulation of the thigh for subjects with painful DSP insensate compared with HVs (A and B)

and subjects with no DSP (C and D), painless DSP (E and F), and painful DSP sensate (G andH). A,C, E, andG: The blue circle demonstrates

the region of greatest activation within the S1 in HVs and subjects with no DSP, painless DSP, and painful DSP sensate compared with

subjects with painful DSP insensate. B, D, F, and H: The blue circle demonstrates the region of greatest activation within the S1 in subjects

with painful insensate compared with the other study cohorts. Box plots display median, interquartile range, and minimum and maximum

values for percent change in signal intensity (SI%) from the region of greatest activation highlighted by the blue circle. Subjects with painful

DSP insensate showed displacement of the lateral border of the thigh into the face/lip area. Group comparisons of parameter estimates were

performed using Mann-Whitney U test, and P , 0.05 (two-tailed) indicated significance.
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neurons in adjacent areas, which is similar to findings
reported in previous studies of amputees with phantom

limb pain (44). Of note, there was a negative relationship

between the magnitude of cortical response in the face/lip

region to tonic heat stimulation with S1 cortical thickness

and both evoked pain and chronic neuropathic pain

severity, suggesting that reduction in cortical thickness

results in fewer viable neurons and less overall pain

perception. In addition, further studies should examine
the role of pain as a cause and/or consequence of the CNS

changes described. Another possible explanation that

needs future exploration is the impact of diabetes status

on these findings. S1 cortical thickness was lower in the

diabetes groups compared with HVs, which would suggest

that diabetes also affects the brain structural changes

described. Finally, although our findings suggest that

the changes in S1 structural and functional organization is
driven by the neuropathic process, other pain-related

behavioral changes, such as physical functioning, depriva-

tion of social contacts, and mood, also may contribute

to brain neuroplasticity. Our study was not designed to

explore the interaction of these various factors on brain

changes in chronic pain. Furthermore, prospective studies

in well-characterized patients will be required to examine

this.
This study is limited by its relatively small sample size;

however, the subjects were well characterized, and we

believe that the study provides a novel insight into the

CNS neural correlates of various clinical pain phenotypes

in DSP. The results obtained are robust (P , 0.05), even

after correction for multiple comparisons using the family-

wise error method. In addition, we examined only subjects

with type 1 diabetes. Although the pathophysiology of
nerve injury in type 2 diabetes may be different, we

postulate similar alterations within the CNS. Nevertheless,

further studies in subjects with type 2 diabetes are war-

ranted. There was also a significant difference in sex

distribution across study cohorts, but this is unlikely to

have a significant impact on the assessments because MRI

images were registered to a standard space that removes

global differences in cortical morphometry that may be
related to sex, hemispheric asymmetries, or age. Further-

more, no significant differences were found between males

and females in the psychophysical responses to nociceptive

stimulation to the foot and thigh (temperature, pain, and

unpleasantness scores). Hence, subgroup differences in sex

distribution is unlikely to affect the functional activation

of the somatosensory cortex. Finally, apart from the HV

cohort, there was a male preponderance in all the other
(diabetes) subgroups, including the disease control group

comprising subjects with diabetes and no DSP. No statis-

tically significant differences were present between control

groups (HV vs. no DSP). Nevertheless, important sex

differences exist in the prevalence of painful diabetic

neuropathy and other chronic pain conditions. A larger

study with a different design is required to truly examine

sex differences in functional organization of the S1.

Several critical lines of future work have emerged from
this study, including longitudinal prospective studies to

determine the natural history of brain structural and

functional changes in DSP and to truly dissect whether

and how these are causally related.
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