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OBJECTIVE

Impaired glucose tolerance (IGT) through to type 2 diabetes is thought to confer a
continuum of risk for neuropathy. Identification of subjects at high risk of de-
veloping type 2 diabetes and, hence, worsening neuropathy would allow identi-
fication and risk stratification for more aggressive management.

RESEARCH DESIGN AND METHODS

Thirty subjects with IGT and 17 age-matched control subjects underwent an oral
glucose tolerance test, assessment of neuropathic symptoms and deficits, quan-
titative sensory testing, neurophysiology, skin biopsy, and corneal confocal mi-
croscopy (CCM) to quantify corneal nerve fiber density (CNFD), branch density
(CNBD), and fiber length (CNFL) at baseline and annually for 3 years.

RESULTS

Ten subjects who developed type 2 diabetes had a significantly lower CNFD
(P = 0.003), CNBD (P = 0.04), and CNFL (P = 0.04) compared with control subjects
at baseline and a further reduction in CNFL (P = 0.006), intraepidermal nerve fiber
density (IENFD) (P = 0.02), andmean dendritic length (MDL) (P = 0.02) over 3 years.
Fifteen subjects who remained IGT and 5 subjects who returned to normal glucose
tolerance had no significant baseline abnormality on CCM or IENFD but had a
lower MDL (P < 0.0001) compared with control subjects. The IGT subjects
showed a significant decrease in IENFD (P = 0.02) but no change in MDL or CCM
over 3 years. Those who returned to NGT showed an increase in CNFD (P = 0.05),
CNBD (P = 0.04), and CNFL (P = 0.05), but a decrease in IENFD (P = 0.02), over
3 years.

CONCLUSIONS

CCM and skin biopsy detect a small-fiber neuropathy in subjects with IGT who
develop type 2 diabetes and also show a dynamic worsening or improvement in
corneal and intraepidermal nerve morphology in relation to change in glucose
tolerance status.
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The International Diabetes Federation
states that there are currently 316 million
people with impaired glucose tolerance
(IGT), which will increase to 471 million
people by 2035 (1). There is considerable
debateas towhether these subjects should
be considered to have a medical problem
(2). However, in subjects with IGT, the risk
of developing type 2 diabetes ranges from
3.6 to 8.7% per year (3). Furthermore, IGT
is also independently associated with the
traditional microvascular complications of
diabetes, including retinopathy, microal-
buminuria, and neuropathy (4). There
appears to be a good rationale for identi-
fying subjects with IGT, but there are lim-
ited data identifying subjects with IGT who
may be at greatest risk for developing di-
abetes and its complications.
In relation to neuropathy, the specific

focus of this study, the UK Prospective
Diabetes Study, showed that at the time
of diagnosis of type 2 diabetes, 5–7% of
patients already had neuropathy (5),
and longitudinal data from the Rochester
cohort have shown that duration and
severity of exposure to hyperglycemia
are related to the severity of neuropa-
thy (6). In a recent study of patients with
;2 years of type 2 diabetes, there was
also evidence of a significant neuropathy
(7). However, there is debate as to
whether IGT is associated with neuropa-
thy, with some studies showing evidence
of neuropathy (8–12), while others do not
(13–15). We recently showed that a sig-
nificant small-fiber neuropathy occurred
in 40.5% of 37 subjects with IGT (16).
Interestingly, a recent study evaluating
electrochemical sweat conductance, a
proxy for small-fiber neuropathy, has
shown that healthy subjects with an ab-
normal response have a significantly in-
creased odds ratio for the development
of IGT over 2 years (17). Of relevance,
lifestyle modification has been shown to
improve intraepidermal nerve fiber den-
sity (IENFD) (11) and to improve after
chemical axotomy (18). We previously
showed an improvement in corneal nerve
morphology after an improvement in gly-
cemic control, lipids, and blood pressure
(19) after simultaneous pancreas and kid-
ney transplantation (20) andmore recently
in patients on continuous subcutaneous
insulin infusion (21), suggesting a dynamic
regenerative capacity of the small fibers in
relation to metabolic change. We have
undertaken a longitudinal study in subjects
with IGT to assess whether baseline and

follow-up measures of neuropathy, par-
ticularly small-fiber neuropathy, relate to
changes in glucose tolerance over 3 years.

RESEARCH DESIGN AND METHODS

Selection of Patients
We assessed 30 subjects with IGT based
on an oral glucose tolerance test (OGTT)
(2-h glucose 7.8–11.1 mmol) at Central
Manchester and Manchester Children’s
University Hospital and 17 health control
subjects. Exclusion criteria were any his-
tory of neuropathy due to a nondiabetic
cause and any history of ocular pathology
or systemic disease with corneal involve-
ment. This study was approved by the
Central Manchester Research and Ethics
Committee, and written informed con-
sent was obtained from all subjects prior
to participation. This research adhered to
the tenets of the Declaration of Helsinki.

Assessment of Neuropathy
All study participants underwent assess-
mentatbaselineand12,24, and36months.
Participants underwent assessment of BMI,
blood pressure, OGTT, HbA1c, lipid profile
(total cholesterol, LDL, HDL, and triglycer-
ides), albumin-to-creatinine excretion ratio,
and estimated glomerular filtration rate
(eGFR). Symptoms of diabetic peripheral
neuropathy were assessed using the Neu-
ropathy Symptom Profile (NSP). Neurolog-
ical deficits were evaluated using the
simplified neuropathy disability score
(NDS), which is comprised of vibration per-
ception, pinprick, temperature sensation,
and presence or absence of ankle reflexes.
Vibration perception threshold (VPT) was
tested using a Neurothesiometer (Horwell;
Scientific Laboratory Supplies, Wilfrod,
Nottingham, U.K.). Cold (CT) and warm
(WT) thresholds were established on the
dorsolateral aspect of the left foot (S1) us-
ing the TSA-II NeuroSensory Analyzer
(Medoc, Ramat-Yishai, Israel).

Electro-diagnostic studies were under-
taken using a Dantec “Keypoint” system
(Dantec Dynamics, Bristol, U.K.) equipped
with a DISA temperature regulator to
keep limb temperature constantly be-
tween 32 and 358C. Sural sensory nerve
amplitude (SNAP), sural sensory nerve
conduction velocity (SNCV), and peroneal
motor nerve conduction velocity (PMNCV)
and amplitude (PMNA)were assessed by a
consultant neurophysiologist.

Skin Biopsy
A 3-mm punch skin biopsy was taken
from the dorsum of the foot, ;2 cm

above the second metatarsal head under
local anesthesia (1% lidocaine). Sections
(50 mm) were stained using anti-human
PGP 9.5 antibody (Abcam, Cambridge,
U.K.), and nerve fiberswere demonstrated
using SG chromogen (Vector Laboratories,
Peterborough, U.K.). IENFDwas quantified
in accordance with established criteria
and expressed as no. per millimeter (22).
Twenty Z-stack images per case were
taken using a Zeiss AxioImager M2 micro-
scope, and mean dendritic length (MDL)
(length of IENF from piercing the dermo-
epidermal junction to its terminal in the
epidermis) wasmanually traced and quan-
tified using the ImagePro 6.2 program
(MediaCybernetics, Marlow, U.K.).

Corneal Confocal Microscopy
Patients underwent examination with
the corneal confocal microscopy (CCM)
(Heidelberg Retinal Tomograph III
Rostock Cornea Module; Heidelberg En-
gineering, Heidelberg, Germany) as per
our previously established protocol (23).
Six nonoverlapping images/patient from
the center of the cornea were selected
and quantified in a masked fashion.
Three corneal nerve parameters were
quantified: corneal nerve fiber density
(CNFD), the total number of major nerves
per square millimeter of corneal tissue;
corneal nerve branch density (CNBD),
the number of branches emanating from
all major nerve trunks per square millime-
ter of corneal tissue; and corneal nerve
fiber length (CNFL), the total length of all
nerve fibers and branches (millimeter per
square millimeter) within the area of cor-
neal tissue. Analysis of the images was
done using purposefully designed auto-
mated software called ACCmetrics (24).

Statistical Analysis
Analysis was carried out on SPSS for Mac
(version 19.0; IBM Corporation, Armonk,
NY). All data are expressed as means 6
SEM. The data were tested for normality
by using the Shapiro Wilk Normality
test and by visualizing the histogram
and normal Q-Q plot. To assess within-
and between-group differences, we
used one-way ANOVA (nonparametric
Kruskal-Wallis). A significant P value was
considered to be,0.05 (post hoc Tukey).

RESULTS

Baseline
The clinical characteristics are summarized
in Table 1. The control and IGT subjects
were age matched (62.3 6 1.8 vs. 60 6

care.diabetesjournals.org Azmi and Associates 1503

http://care.diabetesjournals.org


2.1 years, P = 0.2). Subjects with IGT had a
significantly higher HbA1c (42.7 6 0.9 vs.
38.3 6 0.7 mmol/mol, P , 0.0001) and
BMI (32.06 1.0 vs. 27.66 0.9 kg/m2, P =
0.01) and lowerHDL (1.260.1 vs. 1.760.1
mmol/L, P = 0.03) but comparable total
cholesterol, triglycerides, eGFR, and blood
pressure compared with control subjects.
The IGT group had a significantly higher

NSP (3.46 0.7 vs. 0.36 0.1, P, 0.0001),
NDS (2.96 0.5 vs. 1.16 0.3, P = 0.03), and
VPT (16.2 6 2.1 vs. 8.4 6 1.5, P = 0.02)
compared with the control group. There
was no significant difference in SNCV and
PMNCV and amplitude between subjects
with IGT and the control subjects.
There was no difference in IENFD;

however, MDL was significantly lower in
the IGT group compared with control sub-
jects (25.1 6 1.6 vs. 63.0 6 4.2 mm, P ,
0.0001). CNFD (24.4 6 1.3 vs. 30.7 6
1.5 no./mm2, P , 0.0001) and CNFL
(15.3 6 0.6 vs. 20.4 6 3.14 mm/mm2,
P = 0.004) were significantly lower, but
there was no difference in CNBD between
subjects with IGT and control subjects.

There was no correlation between
HDL and CCM measures at baseline
(CNFL r = 0.2, P = 0.2; CNBD r = 0.2, P =
0.1; and CNFD r = 0.2, P = 0.3).

Longitudinal Assessments
Control subjects showed no significant
change in metabolic parameters or neu-
ropathy measures over 3 years (repeat
skin biopsy not performed in control
subjects). In subjects with IGT, BMI,
HbA1c, lipids, and blood pressure re-
mained stable, and there was a small
but significant reduction in eGFR (79.16
3.0 vs. 74.3 6 4.3 mL/min/1.73 m2, P =
0.03) over 3 years (Table 1). The longitu-
dinal data for the neuropathy assess-
ments are presented in Table 1. There
was no significant change in NSP, NDS,
VPT, or thermal thresholds. There
was a significant reduction in SNCV
(49.7 6 1.4 vs. 46.6 6 1.3 m/s, P =
0.007) and IENFD (6.4 6 0.8 vs.
3.2 6 0.8 no./mm, P = 0.02), but no
change in MDL or CCM measures,
from baseline to 36 months.

Change in Neuropathy Measures in
Relation to Change in Glucose
Tolerance
All subjects with IGT underwent an an-
nual OGTT over 36months, 10 developed
type 2 diabetes, 15 remained with IGT,
and 5 regressed to normal glucose toler-
ance (NGT) (Table 2). Figure 1 shows CCM
images from each group.

In the 10 subjects who developed
type 2 diabetes, their baseline CNFD
(20.0 6 2.2 vs.30.7 6 1.5 no./mm2, P =
0.003), CNBD (25.66 5.2 vs. 37.06 2.7
no./mm2, P = 0.04), and CNFL (13.7 6
1.2 vs. 20.4 6 3.2 mm/mm2, P = 0.04)
were significantly lower compared with
control subjects. Over 36 months, there
was a significant increase in HbA1c

(42.4 6 1.0 vs. 50.3 6 1.4 mmol/mol,
P = 0.02) and a significant decrease in
CNFL (13.76 1.2 vs. 11.86 1.0 mm/mm2,
P = 0.006),MDL (21.96 2.1 vs. 16.56 0.32
mm, P = 0.02), and IENFD (6.5 6 1.2 vs.
3.9 6 0.9 no./mm, P = 0.002), with no
significant change in any other measure
of neuropathy (Fig. 2). Of the IGT subjects

Table 1—Clinical and metabolic parameters and neuropathy assessment in control subjects and subjects with IGT at baseline
and follow-up

Control
(N = 17)

Baseline
(N = 30) P* 12 months 24 months 36 months P†

Age (years) 62.3 6 1.8 60 6 2.1 NS

BMI (kg/m2) 27.6 6 0.9 32.0 6 1.0 0.01 31.2 6 1.1 31.0 6 1.2 33.0 6 1.3 NS

HbA1c (mmol/mol) 38.3 6 0.7 42.7 6 0.9 ,0.0001 44.0 6 1.2 43.0 6 1.5 44.2 6 2.0 NS

Cholesterol (mmol/L) 5.4 6 0.2 4.8 6 0.2 NS 4.8 6 0.2 4.5 6 0.2 4.6 6 0.2 NS

HDL (mmol/L) 1.7 6 0.1 1.2 6 0.1 0.03 1.2 6 0.1 1.2 6 0.1 1.3 6 0.1 NS

Triglycerides (mmol/L) 1.8 6 0.2 2.2 6 0.3 NS 2.2 6 0.3 2.0 6 0.5 1.8 6 0.3 NS

LDL (mmol/L) 3.0 6 0.2 2.6 6 0.2 NS 2.6 6 0.2 2.3 6 0.3 2.5 6 0.2 NS

eGFR (mL/min/1.73 m2) 82.4 6 2.0 79.1 6 3.0 NS 78.8 6 3.4 74.9 6 3.5 74.3 6 4.3 0.03

Blood pressure (mmHg) 136 6 4.3/
75.9 6 2.5

129.2 6 3.4/
72.9 6 2.1

NS 131.3 6 12.6/
69.0 6 3.8

129.0 6 3.9/
72.7 6 2.2

129.3 6 3.4/
75.4 6 2.3

NS

NSP (/10) 0.3 6 0.1 3.4 6 0.7 ,0.0001 2.78 6 0.7 3.5 6 0.8 2.8 6 0.6 NS

NDS (/10) 1.1 6 0.3 2.9 6 0.5 0.03 3.6 6 0.6 2.8 6 0.5 2.4 6 0.6 NS

VPT (V) 8.4 6 1.5 16.2 6 2.1 0.02 17.7 6 2.4 18.7 6 2.7 16.8 6 2.1 NS

CT (8C) 27.9 6 1.1 25.5 6 1.4 NS 25.3 6 1.1 23.7 6 1.8 24.9 6 0.9 NS

WT (8C) 39.5 6 1.1 39.8 6 1.0 NS 40.2 6 0.8 41.9 6 0.9 40.4 6 0.7 NS
NS

SNCV (m/s) 49.0 6 1.1 49.7 6 1.4 NS 47.4 6 1.3 47.4 6 1.3 46.6 6 1.3 0.007

SNAP (mV) 15.3 6 1.8 11.3 6 1.2 NS 11.8 6 1.8 11.4 6 1.9 10.7 6 1.7 NS

PMNCV (m/s) 46.5 6 1.0 45.1 6 0.8 NS 44.4 6 0.8 44.9 6 0.8 44.7 6 0.9

PMNA (mV) 5.2 6 0.4 4.4 6 0.4 NS 3.7 6 0.3 3.3 6 0.3 3.9 6 0.3 NS

IENFD (no./mm) 8.5 6 0.6 6.4 6 0.8 NS 6.5 6 4.1 NA 3.2 6 0.8 0.02

MDL (mm) 63.0 6 4.2 25.1 6 1.6 ,0.0001 24.6 6 2.7 NA 22.9 6 3.1 NS

CNFD (no./mm2) 30.7 6 1.5 24.4 6 1.3 ,0.0001 22.6 6 1.5 27.4 6 1.5 24.4 6 1.2 NS

CNBD (no./mm2) 37.0 6 2.7 33.8 6 2.9 NS 34.5 6 3.5 34.9 6 3.4 33.6 6 2.8 NS

CNFL (mm/mm2) 20.4 6 3.14 15.3 6 0.6 0.0004 14.9 6 0.8 16.4 6 0.8 14.5 6 0.6 NS

Data are means 6 SEM. NA, not assessed; NS, not significant. All symbols represent statistically significant differences. *P value IGT baseline vs.
control; †IGT baseline vs. 36 months.
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who had a significant (a CNFD value ,2
SD below the mean for control subjects)
reduction in CNFD at baseline, 87.5%
developed type 2 diabetes and 12.5%
remained IGT or reverted to NGT (P =
0.007). In subjects who had a significant
(a CNFL value ,2 SD below the mean
for control subjects) reduction in

CNFL, 100% developed type 2 diabetes
(P , 0.0001).

In the 15 IGT subjects who remained
IGT, their baseline CNFD (28.66 1.5 vs.
30.7 6 1.5 no./mm2, P = 0.33), CNBD
(38.8 6 3.7 vs. 37.0 6 2.7 no./mm2,
P = 0.54), and CNFL (16.8 6 0.8 vs.
20.4 6 3.2 mm/mm2, P = 0.75) were

comparable with control subjects. There
was a significant reduction in IENFD
(6.7 6 1.1 vs. 2.8 6 0.3 no./mm, P =
0.02) with no change in any measure
of neuropathy over 36 months.

In the 5 subjects who became NGT,
baseline CNFD (25.4 6 1.9 vs. 30.7 6 1.5
no./mm2, P = 0.06), CNBD (29.36 5.6 vs.

Table 2—Neuropathy assessments at baseline and 36 months in subjects who reverted to NGT, remained with IGT, or
developed type 2 diabetes at 36 months

Control (N = 17) NGT (N = 5) IGT (N = 15) Type 2 diabetes (N = 10)

Baseline 36 months Baseline 36 months Baseline 36 months Baseline 36 months

HbA1c (mmol/mmol) 38.3 6 0.7 37.7 6 0.9 41.4 6 2.3 40.5 6 2.4 42.8 6 1.2 42.3 6 2.3 42.4 6 1.0 50.3 6 1.4;

NSP (/10) 0.3 6 0.1 0.4 6 0.2 3.6 6 1.4† 1.8 6 1.3 4.0 6 1.3† 4.2 6 1.2 2.5 6 0.9† 3.0 6 1.3

NDS (/10) 1.1 6 0.3 1.4 6 0.2 3.8 6 2.0* 4.8 6 2.2 2.5 6 0.6* 2.3 6 0.5 3.5 6 1.4* 1.6 6 1.6

VPT (V) 8.4 6 1.5 9.1 6 1.8 19.3 6 3.5* 24.2 6 7.1 13.5 6 3.4* 13.3 6 2.6 16.9 6 3.3* 17.3 6 3.5

SNCV (m/s) 49.0 6 1.1 46.0 6 1.6 47.9 6 2.6 44.2 6 3.2 50.8 6 1.4 46.3 6 1.9 50.1 6 2.3 47.1 6 2.0

SNAP (mV) 15.3 6 1.8 13.2 6 2.7 8.8 6 2.6 6.3 6 2.0 12.5 6 1.5 11.3 6 1.7 11.0 6 2.5 12.0 6 3.4

PMNCV (m/s) 46.5 6 1.0 45.0 6 1.4 44.1 6 2.4 44.5 6 2.2 45.9 6 1.2 45.7 6 2.5 44.7 6 1.2 44.1 6 1.0

PMNA (mV) 5.2 6 0.4 5.3 6 0.3 3.2 6 0.6 3.2 6 0.6 3.8 6 0.4 3.8 6 0.4 4.6 6 0.6 4.2 6 0.6

CT (8C) 27.9 6 1.1 27.6 6 0.4 22.9 6 1.0 20.3 6 3.9 29.2 6 1.6 26.5 6 0.6 24.8 6 2.5 25.0 6 1.4

WT (8C) 39.5 6 1.1 38.8 6 0.6 42.8 6 1.9 41.5 6 2.5 38.8 6 1.7 40.1 6 1.2 39.6 6 1.1 40.1 6 1.0

IENFD (no./mm) 8.5 6 0.6 6.5 6 1.1 3.0 6 0.4; 6.7 6 1.1 2.8 6 0.3; 6.5 6 1.2 3.9 6 0.9;

MDL (mm) 63.0 6 4.2 25.1 6 3.7† 27.5 6 4.2 27.9 6 2.1† 29.3 6 3.8 21.9 6 2.1† 16.5 6 0.3;

CNFD (no./mm2) 30.7 6 1.5 29.7 6 1.4 25.4 6 1.9 29.8 6 1.5* 28.6 6 1.5 27.9 6 1.3 20.0 6 2.2^ 18.3 6 1.7

CNBD (no./mm2) 37.0 6 2.7 39.0 6 3.2 29.3 6 5.6 44.9 6 6.2# 38.8 6 3.7 38.7 6 3.1 25.6 6 5.2# 21.8 6 3.9

CNFL (mm/mm2) 20.4 6 3.14 19.2 6 0.9 15.7 6 1.3 17.2 6 0.9* 16.8 6 0.8 16.2 6 0.6 13.7 6 1.2# 11.8 6 1.0+

Data are means6 SEM. All symbols represent statistically significant differences.;P = 0.02, #P = 0.04, *P = 0.05, ^P = 0.003, +P = 0.0006, †P,
0.0001, baseline vs. control or baseline vs. 36 months.

Figure 1—Corneal confocal images from control subject at baseline (A), control subject at follow-up (B), IGT subject who developed type 2 diabetes
at baseline (C), IGT subject who developed type 2 diabetes at follow-up (D), IGT subject who remained IGT at baseline (E), IGT subject who remained
IGT at follow-up (F), IGT subject who reverted to NGT at baseline (G), and IGT subject who reverted to NGT at follow-up (H). Red arrow, corneal nerve
fiber; yellow arrow, corneal nerve branch.
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37.06 2.7 no./mm2, P = 0.07), and CNFL
(15.76 1.3 vs. 20.46 3.2 mm/mm2, P =
0.24) did not differ from control sub-
jects. However, there was a significant
increase in CNFD (25.4 6 1.9 vs. 29.8 6
1.5 no./mm2 P = 0.05), CNBD (29.36 5.6
vs. 44.966.2 no./mm2,P =0.04), andCNFL
(15.7 6 1.3 vs. 17.2 6 0.9 mm/mm2, P =
0.05). There was a significant decrease in
IENFD (6.5 6 1.1 vs. 3.0 6 0.4 no./mm,
P = 0.02) with no significant change in
any other measure of neuropathy over
36 months (Table 2 and Fig. 2).

CONCLUSIONS

The association between peripheral
neuropathy (PN) and IGT remains con-
troversial. Hughes et al. (25) found that
in 50 consecutive subjects with PN and
50 consecutive control subjects, there
was no significant difference in the prev-
alence of IGT, but in the PN group serum
triglycerides were significantly higher.

Fujimoto et al. (26) showed that sub-
jects with IGT had comparable nerve
conduction studies but had a greater
prevalence of retinopathy and nephrop-
athy compared with control subjects.
More recently, Dyck et al. (27) showed
that the frequency of PN was compara-
ble in healthy subjects (1.7%) and sub-
jects with impaired glycemia (2.0%) and
was only increased in those with type 2
diabetes (7.8%). In a cohort of 393 sub-
jects, Ziegler et al. (28) found that there
was an increased prevalence of poly-
neuropathy in those with IGT (13%)
compared with those with impaired
fasting glycemia (11.3%) and control
subjects (7.4%), although this was not
significant. These findings may be attrib-
uted to the fact that neuropathy was
diagnosed by assessing predominantly
large fibers (13,29). Indeed, there are
accruing data to suggest that there is
an increased prevalence of painful

symptoms (30–32) and evidence of a
small-fiber neuropathy in subjects with
IGT (10,11,16,32). Thus, small-fiber neu-
ropathy may be the earliest change in
the spectrum of PN, with injury begin-
ning in the small myelinated Ad and un-
myelinated C fibers, which over time
progresses to affect larger nerves (33).

While IENFD is accepted as the gold
standard for quantifying IENF pathol-
ogy, interestingly, Pittenger et al. (34)
showed that MDL was reduced before
IENFD in subjects with metabolic syn-
drome and may therefore be an early
marker of sensory neuropathy. Our
data support these findings, as MDL
was significantly reduced, while IENFD
was comparable in the IGT cohort com-
pared with control subjects at baseline.
Furthermore, MDL appears to be more
responsive to changes in glucose toler-
ance status with a further worsening in
only those IGT subjects who developed

Figure 2—Change in corneal nerve fiber morphological parameters in subjects at baseline (black) and 36 months (red).
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type 2 diabetes, while IENFD showed a
reduction in all three groups.
In relation to causal factors, Pittenger

et al. (34) also reported a correlation
between PN and HDL cholesterol. In
the current study, we show that HDL
cholesterol was lower in the IGT group
compared with the control subjects;
however, this was not associated with
lower CCM measures. In an 18 week
open-label trial, Boyd at al. (35) showed
that treatmentwith topiramate resulted
in a significant improvement in MDL at
the forearm and proximal leg and an in-
crease in IENFD at the proximal leg.
Smith et al. (11) have shown that a

1-year diet and lifestyle intervention
program leads to an increase in IENFD.
However, themuch larger Da Qing study
showed that lifestyle intervention over
6 years reduced the incidence of severe
retinopathy but had no impact on neu-
ropathy, although the end point was
monofilament insensitivity (36). More
recently, a 6-month twice weekly indi-
vidualized exercise program signifi-
cantly improved the rate of cutaneous
nerve regeneration in a capsaicin nerve
ablation model (18). Our recent study in
patients with type 1 diabetes undergo-
ing simultaneous pancreas kidney trans-
plantation showed that CCM can detect
small-fiber regeneration as early as 6
months postsurgery (37). We have also
shown that improvement in glycemia as
well as blood pressure and lipids leads to
corneal nerve regeneration (19). This
leads to the notion that if there is an
improvement in glycemia, then it may
improve neuropathy. In the current study,
we show that subjects with IGT have ev-
idence of small-fiber neuropathy, as evi-
denced by a greater prevalence of
painful symptoms and abnormalities in
CCM as well as a reduction in MDLdin
keeping with our recent study (16). How-
ever, we now show that patients who
progress to type 2 diabetes have worse
baseline corneal nerve morphology and
MDL at a time when they are diagnosed
with IGT. This is in keeping with a recent
study showing that subjects with NGT,
but with abnormal electrochemical sweat
conductance, have a significantly in-
creased odds ratio for the development
of IGT (17). Furthermore, subjects who
progressed to type 2 diabetes also
showed a further significant reduction in
CNFL andMDL. In subjects who remained
with IGT, there was no baseline loss or

any change over time. In subjects who
reverted to NGT, the baseline CCM values
did not differ significantly from control
subjects, and indeed there was a signifi-
cant increase in all CCM parameters.
While this is a small study, the detailed
quantification, particularly of the small fi-
bers, provides insights into the dynamic
relationship between small-fiber damage
and repair in relation to overall glucose
tolerance status.

We confirm the data fromour previous
study showing that small-fiber neuropa-
thy, detected using CCM, is prevalent in
subjects with IGT (16). More importantly,
both CCM and MDL appear to be early
and dynamic markers of small-fiber neu-
ropathy, which may allow risk stratifica-
tion of subjects with IGT who are likely to
progress to type 2 diabetes.
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