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ABSTRACT
Aims/Introduction: Limited studies have identified risk factors linked to the
progression of diabetic peripheral neuropathy (DPN) in type 2 diabetes. This study
examined the association of risk factors with change in neuropathy measures over
2 years.
Materials and Methods: Participants with type 2 diabetes (n = 78) and controls
(n = 26) underwent assessment of clinical and metabolic parameters and neuropathy
using corneal confocal microscopy (CCM), vibration perception threshold (VPT), and the
DN4 questionnaire at baseline and 2 year follow-up.
Results: Participants with type 2 diabetes had a lower corneal nerve fiber density
(CNFD), branch density (CNBD), and fiber length (CNFL) (P ≤ 0.0001) and a higher VPT
(P ≤ 0.01) compared with controls. Over 2 years, despite a modest reduction in HbA1c
(P ≤ 0.001), body weight (P ≤ 0.05), and LDL (P ≤ 0.05) the prevalence of DPN (P = 0.28)
and painful DPN (P = 0.21) did not change, but there was a significant further reduction
in CNBD (P ≤ 0.0001) and CNFL (P ≤ 0.05). CNFD, CNBD, and CNFL decreased significantly
in physically inactive subjects (P < 0.05–0.0001), whilst there was no change in CNFD
(P = 0.07) or CNFL (P = 0.85) in physically active subjects. Furthermore, there was no
change in CNFD (P = 0.82), CNBD (P = 0.08), or CNFL (P = 0.66) in patients treated with
glucose lowering medication associated with weight loss, whilst CNBD (P = 0.001)
decreased in patients on glucose lowering medication associated with weight gain.
Conclusions: In participants with type 2 diabetes, despite a modest improvement in
HbA1c, body weight, and LDL there was a progressive loss of corneal nerve fibers; except
in those who were physically active or on glucose lowering medication associated with
weight loss.
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INTRODUCTION
Diabetic peripheral neuropathy (DPN) is associated with pain-
ful neuropathy, erectile dysfunction, and foot ulceration, impos-
ing a significant burden on patient morbidity and mortality1.
The pathogenesis of DPN is complex and multifactorial and
there are currently no FDA approved modifying therapies for
DPN.
Poor glycemic control is a major risk factor for DPN2,3 and

intensive glycemic control can prevent or delay DPN progres-
sion in type 1 diabetes4 but not in type 2 diabetes5. Obesity
and hyperlipidemia are also driving DPN in type 2 diabetes2,6–8

and we have shown previously that obesity is associated with
painful DPN and hyperlipidemia is associated with DPN, inde-
pendent of poor glycemic control2. In a recent cross-sectional
study, Ferdousi et al.9 reported that age, HbA1c and body
weight are associated independently with corneal nerve fiber
loss in patients with type 2 diabetes. Corneal confocal micro-
scopy (CCM) is able to detect corneal nerve degeneration10–12

or regeneration13,14 6–12 months earlier compared with quanti-
tative sensory testing and nerve conduction studies (NCS),
which show changes 24–36 months14,15 after intervention. Lon-
gitudinal studies have shown that weight loss16,17 and physical
activity or exercise15,18–21 are associated with an improvement
in neuropathic symptoms and small nerve fiber regeneration.
The objective of this prospective study was to assess whether

physical activity, medication use, and change in HbA1c, BMI,
lipid profile, or blood pressure was associated with a change in
neuropathic symptoms, vibration perception, and corneal nerve
morphology over 2 years.

MATERIALS AND METHODS
In this prospective study, subjects with type 2 diabetes were
enrolled from the National Diabetes Center in Hamad General
Hospital in Qatar between January 2017 and December 2020
and control subjects without diabetes were enrolled from the
University of Manchester in the UK between October 2016 and
November 2019 and studied at baseline and after 2 years. This
study obtained ethics approval by the WCM-Q IRB (#14-
00058), HMC IRB (#15103/15), and NRES Committee North
West – Greater Manchester North (#08/H1004/1). All partici-
pants consented before taking part in the study. The research
adhered to the principles of the declaration of Helsinki.

Study cohort
Subjects with type 2 diabetes eligible for the study were aged
18–70 years old and were not participating in any other inter-
ventional study. Healthy controls were aged 18–70 years old
and had a HbA1c <42 mmol/mol (<6%).
Exclusion criteria were anemia (as a Hb <11 and <10 g/dL

for males and females, respectively, can affect the validity of
HbA1c measurement), renal failure (CKD Stage 4 and 5), med-
ication leading to insulin resistance (e.g. corticosteroids), preg-
nancy, active retinopathy, any cause of neuropathy other than

diabetes, including Sjogren’s syndrome, systemic lupus erythe-
matosus, HIV, hepatitis B and C, inherited neuropathies,
tumors, alcoholism, and factors that may affect the corneal
nerves, including severe dry eyes and corneal dystrophies,
injury, and surgery in the preceding 12 months as determined
by physical examination and medical history.

Clinical and metabolic measures
Age, sex, diabetes duration, body weight, BMI, systolic (SBP),
and diastolic blood pressure (DBP), HbA1c, lipid profile were
recorded from the electronic medical register (Cerner). Poor
glycemic control was defined as HbA1c ≥7% based on the
ADA standards of medical care22. Hypertension was defined as
SBP ≥140 mmHg and/or the use of blood pressure medication
based on the WHO/ISH Guidelines23. Hyperlipidemia was
defined as a total cholesterol ≥6.2 mmol/L and/or triglyceride
≥2.3 mmol/L, or the use of a statin. Obesity was defined as
BMI ≥30 kg/m2 based on the WHO criteria24. Renal impair-
ment was defined as creatinine ≥110 lmol/L and/or eGFR
≤60 mL/min/L. Physical inactivity and activity were recorded
using the Global Physical Activity Questionnaire version 2
(GPAQv2), defined as complete lack of physical activity and
regular activity at work, travel to and from places and/or recre-
ational activities, respectively, at baseline and 2 year follow-up
visit. Glucose lowering medications were classified into two
groups: those associated with weight gain (insulin, sulfonylureas,
and thiazolidinediones) and weight loss (metformin, glucagon-
like peptide-1 (GLP-1), and sodium-glucose cotransporter-2
(SGLT2) inhibitors).

Diabetic neuropathy assessment
Corneal confocal microscopy (CCM) assessments were per-
formed using the HRT-3 RCM device (Heidelberg Engineering
GmbH). In brief, the preparation included topical corneal anes-
thezia using 0.4% oxybuprocaine hydrochloride (Bausch &
Lomb UK Ltd, Kingston upon Thames, London, UK) and
lubrication using 0.2% carbomer transparent gel (Blumont
Healthcare Ltd). Participants were instructed to fixate on a tar-
get light during the assessment. Multiple images of the sub
basal corneal nerves in the central cornea were captured from
both eyes. Image selection and extraction were performed at a
separate time by one investigator blinded to the diagnosis and
medical history. Three high clarity images per eye were selected
based on depth, focus, position, and contrast25. Corneal nerve
fiber density (CNFD, fibers/mm2), length (CNFL, mm/mm2),
and branch density (CNBD, branches/mm2) were manually
measured using CCMetrics, a validated image analysis soft-
ware26.
Vibration perception threshold (VPT) on the pulp of the

large toe on both feet was measured three times using a Neu-
rothesiometer (Horwell Scientific Laboratory Supplies). The
mean VPT value was recorded. VPT is measured in units of
volts (V) and ranges from 0 to 50 V.
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Painful diabetic peripheral neuropathy (pDPN) was assessed
using the DN4 questionnaire validated in English27 and Ara-
bic28. It distinguishes neuropathic from non-neuropathic pain.
It consists of seven questions for painful symptoms, including
burning, painful cold, electric shocks, tingling, pins and needles,
numbness, and itching and three questions for abnormal signs,
including hypoesthesia to touch and pin prick and allodynia to
brushing in the painful area. Each question was scored with
either 1 point for yes or 0 point for no. The score of each
question is equally weighted.
Diabetic peripheral neuropathy was defined as one or more

neuropathic symptoms using the DN4 questionnaire and a
VPT ≥15 V29. Painful DPN (pDPN) was defined based on a
DN4 questionnaire score of ≥4, which has 80% sensitivity and
92% specificity for pDPN30 and/or the use of medication for
pDPN.

Statistical analysis
This exploratory 2 year prospective study was not adjusted for
multiple comparisons31. Baseline continuous and categorical
variables between subjects with type 2 diabetes and controls
were compared using an unpaired t-test and v2, respectively.
Changes in continuous and categorical variables between base-
line and 2 year follow-up within the group were compared
using a paired t-test and v2, respectively.
Bivariate linear regression analysis was performed with

CNFD, CNBD, CNFL, VPT, DN4 score, DCNFD, DCNBD,
DCNFL, DVPT, and DDN4 score as dependent variables, and
poor glycemic control, obesity, hyperlipidemia, hypertension,
physical inactivity, microalbuminuria at baseline or change in
HbA1c, body weight, waist circumference, BMI, lipid profile,
and blood pressure as independent variables. All dependent
variables were normally distributed as assessed by Q-Q plots
and histograms. Dependent variables that were significant on
the bivariate level were included in the multiple linear regres-
sion analysis. The regression coefficient (95% CI) is presented.
All statistical calculations were performed using IBM-SPSS ver-
sion 26 (SPSS Inc, Armonk, NY, USA). A two-tailed P value of
≤0.05 was considered significant.

RESULTS
Demographic and clinical characteristics (Table 1)
Subjects with 12.9 – 6.6 years of type 2 diabetes (n = 78) and
controls (n = 26) of comparable age (50.1 – 10.6 years vs
54.5 – 8.6 years, P = 0.06), and sex (female: 56% vs 42%,
P = 0.21) were studied. In the type 2 diabetes cohort, 92% had
poor glycemic control, 65% had obesity, 58% were physically
inactive at baseline and 2 year follow-up visit, 22% had hyper-
lipidemia, 21% had hypertension, 28% had microalbuminuria,
and 5.1% had renal impairment. The prevalence of type 2 dia-
betes duration <10, 10–19, and ≥20 years was 29, 45, and 26%,
respectively. The prevalence of DPN and pDPN was 18% and
26%, respectively. The percentage of patients on glucose

lowering drugs associated with weight gain was 75% and with
weight loss it was 25% at baseline and 2 year follow-up visit.
Compared with the controls, subjects with type 2 diabetes

had comparable SBP and DBP (P = 0.22), higher BMI
(P ≤ 0.0001), HbA1c (P ≤ 0.0001), and triglycerides
(P ≤ 0.0001), and lower total cholesterol, LDL, and HDL
(P ≤ 0.0001). Subjects with type 2 diabetes had higher VPT
(P ≤ 0.01) and lower corneal nerve fiber density (CNFD)
(P ≤ 0.0001), length (CNFL) (P ≤ 0.0001), and branch density
(CNBD) (P ≤ 0.0001) compared with the controls.

Change in risk factors and neuropathy measures over 2 years
(Table 1)
Subjects with type 2 diabetes showed a small but significant
reduction in HbA1c (64.9 to 59.5 mmol/mol or 8.1 to 7.6%;
P ≤ 0.001), body weight (84.4 to 82.9 kg; P ≤ 0.05) and LDL
(2.3 to 2.0 mmol/L; P ≤ 0.05) and an increase in HDL (1.0 to
1.1 mmol/L; P ≤ 0.05) and SBP (112.7 to 129.8 mmHg;
P ≤ 0.01) with no change in BMI, DBP, total cholesterol, or
triglycerides. The percentage of patients on glucose lowering
medication associated with weight gain or both weight gain
and loss remained the same (75% vs 65%, P = 0.19).
The prevalence of DPN (18 to 12%; P = 0.28), pDPN (26 to

18%; P = 0.21), or VPT (9.2 to 9.5 V; P = 0.57) did not
change, although there was a significant decrease in the DN4
score (2.6 to 1.8; P ≤ 0.001). There was no significant change
in CNFD (27.0 to 26.1 fibers/mm2; P = 0.28), but there was a
significant reduction in CNBD (62.4 to 42.9 branches/mm2;
P ≤ 0.0001) and CNFL (17.8 to 16.4 mm/mm2; P ≤ 0.05). In
controls there was an increase in VPT (6.1 to 7.2 V;
P ≤ 0.005), but no change in CNFD (37.0 to 36.3 fibers/mm2;
P = 0.44), CNBD (97.2 to 89.5 branches/mm2; P = 0.26), or
CNFL (26.6 to 25.0 mm/mm2; P = 0.20).

Associations of risk factors with baseline and follow-up
changes in neuropathy measures (Table 2, Figure 1)
Bivariate analysis showed that poor glycemic control, obesity,
hyperlipidemia, hypertension, microalbuminuria, and renal
impairment were not associated with VPT, DN4 score, or
CCM measures at baseline. Multiple linear regression analysis
showed that the duration of diabetes (P < 0.01) and physical
inactivity (P < 0.05) were associated with a deterioration of
VPT (P < 0.05). Age (P < 0.05) and glucose lowering medica-
tion promoting weight gain (P < 0.01) were associated with
neuropathic symptoms and signs.
There was no association between DHbA1c, Dbody weight,

Dwaist circumference, DBMI, Dlipid profile, or Dblood pressure
with DVPT, DDN4 or DCCM measures. The duration of dia-
betes was negatively associated with DCNBD (P < 0.05) and
physical inactivity was negatively associated with DCNFD
(P < 0.01) and DCNFL (P < 0.01). Glucose lowering medica-
tion associated with weight gain (P < 0.01) was negatively asso-
ciated with DCNFL (P = 0.054).
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Change in CCM measures in relation to physical activity
(Table 3)
In physically inactive subjects with type 2 diabetes, CNFD (26.9
to 24.1 fibers/mm2, P < 0.05), CNBD (61.1 to 38.9 branches/

mm2, P ≤ 0.0001), and CNFL (17.4 to 15.3 mm/mm2,
P = 0.01) decreased significantly. Whereas in physically active
subjects with type 2 diabetes there was no change in CNFD
(27.1 to 29.0 fibers/mm2, P = 0.07), or CNFL (18.3 to

Table 1 | Clinical, metabolic and neuropathy measures at baseline and their change over 2 years in patients with type 2 diabetes and control
subjects

Baseline Change over 2-years

Controls
(n = 26)

Type 2 diabetes
(n = 78)

P value* Controls
(n = 26)

Type 2 diabetes
(n = 78)

P value**

HbA1c, mmol/mol 38.9 – 2.5 64.9 – 9.7 ≤0.0001 -3.0††† -5.4†† 0.15
Hb1Ac, % 5.7 – 0.2 8.1 – 0.9 ≤0.0001 -0.3††† -0.5†† 0.15
Total cholesterol, mmol/L 5.2 – 0.7 4.2 – 1.0 ≤0.0001 -0.25 -0.28 0.86
Triglyceride, mmol/L 1.6 – 0.8 1.8 – 1.1 ≤0.0001 0.02 -0.10 0.48
HDL, mmol/L 1.4 – 0.3 1.0 – 0.3 ≤0.0001 0.01 0.09‡ 0.10
LDL, mmol/L 3.1 – 0.6 2.3 – 0.8 ≤0.0001 -0.32† -0.31‡ 0.95
Systolic BP, mmHg 128.1 – 14.5 122.7 – 14.0 0.22 -4.7 7.1† ≤0.01
Diastolic BP, mmHg 73.2 – 7.8 74.3 – 8.6 0.22 -1.3 1.0 0.41
Body weight, kg 76.5 – 13.5 84.4 – 12.2 ≤0.05 1.7 -1.5‡ 0.23
BMI, kg/m2 27.0 – 5.0 31.5 – 3.4 ≤0.0001 0.0 -0.6 0.26
CNFD, fibers/mm2 37.0 – 5.6 27.0 – 8.8 ≤0.0001 -0.8 -0.9 0.93
CNBD, branches/mm2 97.2 – 30.0 62.4 – 36.4 ≤0.0001 -7.7 -19.5††† 0.14
CNFL, mm/mm2 26.6 – 4.4 17.8 – 6.2 ≤0.0001 -1.6 -1.3‡ 0.85
VPT, V 6.1 – 4.8 9.2 – 5.9 ≤0.01 1.1‡ 0.3 0.31
DN4, score – 2.6 – 2.5 N/A – -0.8†† N/A

Numeric variables are summarized as mean – standard deviation. Baseline data and changes during a 2 year period between controls and subjects
with type 2 diabetes were compared using unpaired t-test. Changes between baseline and 2 year follow-up were compared using paired t-test:
‡P ≤ 0.05, †P ≤ 0.01, ††P ≤ 0.001, †††P ≤ 0.0001. *P value for comparison of baseline data between controls and subjects with type 2 diabetes. **P
value for comparison of changes during a 2 year period between controls and subjects with type 2 diabetes. BP, blood pressure; CNBD, corneal
nerve branch density; CNFD, corneal nerve fiber density; CNFL, corneal nerve fiber length; VPT, vibration perception threshold.

Table 2 | Associations of risk factors at baseline and change at follow-up with change in neuropathy measures

Dependent variable Independent variable Adjusted mean
difference

95% CI P value

Associations with neuropathy measures at baseline
CNFD, fibers/mm2 No associations NS
CNBD, branches/mm2 No associations NS
CNFL, mm/mm2 No associations NS
VPT, V Duration of diabetes† 2.0 0.07, 3.82 <0.01

Physical inactivity 2.8 0.01, 5.6 <0.05
DN4, score Age† 0.9 0.17, 1.67 <0.05

Glucose lowering medication
associated with weight gain

1.8 0.47, 3.03 <0.01

Associations with changes in neuropathy measures
DCNFD, fibers/mm2 Physical inactivity -4.2 -7.23, -1.09 <0.01
DCNBD, branches/mm2 Duration of diabetes -11.3 -21.9, -0.6 <0.05
DCNFL, mm/mm2 Physical inactivity -3.2 -5.33, -1.05 <0.01

Glucose lowering medication
associated with weight gain

-2.3 -4.68, 0.04 0.054

DVPT, V No associations NS
DDN4, score pDPN -2.0 -2.8, -1.1 ≤0.0001

All the variables considered in the fitted model had P ≤ 0.05. †<10, 10–19, ≥20 years. CNFD, corneal nerve fiber density; CNFL, corneal nerve fiber
length; CNBD, corneal nerve branch density; VPT, vibration perception threshold; pDPN, painful diabetic peripheral neuropathy; D, differences.
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18.1 mm/mm2, P = 0.85) with a decrease only in CNBD (64.3
to 48.7 branches/mm2, P < 0.05). There was no change in
CNFD (37.0 to 36.3 fibers/mm2, P = 0.44), CNBD (97.2 to
89.5 branches/mm2, P = 0.26), or CNFL (26.6 to 25.0 mm/
mm2, P = 0.20) in controls. Diabetes duration was comparable

between physically inactive and physically active subjects
(12.9 – 6.7 vs 12.9 – 6.6, P = 0.99).

Change in CCM measures in relation to type of glucose
lowering medication affecting weight (Table 3)
In subjects with type 2 diabetes on glucose lowering medication
associated with weight loss there was no change in CNFD (27.1
to 28.5 fibers/mm2, P = 0.82), CNBD (55.7 to 47.8 branches/
mm2, P = 0.08), and CNFL (17.3 to 17.8 mm/mm2, P = 0.66).
However, in subjects on glucose lowering medication associated
with weight gain or a combination of medication associated
with both weight gain and loss, CNBD (64.9 to 39.1 branches/
mm2, P = 0.001) decreased significantly with no change in
CNFD (27.1 to 25.2 fibers/mm2, P = 0.27) or CNFL (17.9 to
15.8, P = 0.12).

DISCUSSION
In this cohort of patients with type 2 diabetes, a modest
improvement in HbA1c, body weight, and LDL cholesterol was
not associated with a change in the prevalence of DPN, pDPN,
or VPT. However, there was evidence of progressive corneal
nerve loss in patients who were physically inactive or were
being treated with anti-diabetic medications associated with
weight gain.
Poor glycemic control is associated with DPN in type 2 dia-

betes2,3. We and others have shown that a higher HbA1c is
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Figure 1 | The effect of physical activity and inactivity on corneal nerve
fiber measures over 2 years.

Table 3 | Change in CCM measures in relation to physical activity and glucose lowering medication associated with weight gain or both weight
gain and loss

Baseline 2 year follow-up Mean difference Rate (%) P value

CNFD, fibers/mm2

Controls 37.0 – 5.6 36.3 – 7.0 -0.8 – 5.0 -1.8 – 13.6 0.44
Type 2 diabetes & physically active 27.1 – 8.0 29.0 – 7.3 1.9 – 5.6 14.3 – 39.9 0.07
Type 2 diabetes & physically inactive 26.9 – 9.5 24.1 – 8.4 -2.3 – 7.3 -2.9 – 37.9↓ <0.05

CNBD, branches/mm2

Controls 97.2 – 30.0 89.5 – 28.0 -7.7 – 34.0 -2.8 – 32.7 0.26
Type 2 diabetes & physically active 64.3 – 31.5 48.7 – 33.0 -15.6 – 36.6 -12.4 – 65.0↓ <0.05
Type 2 diabetes & physically inactive 61.1 – 39.7 38.9 – 30.9 -18.3 – 33.7 -19.7 – 81.3↓ ≤0.0001

CNFL, fiber length mm/mm2

Controls 26.6 – 4.4 25.0 – 5.5 -1.6 – 6.1 -4.0 – 24.3 0.20
Type 2 diabetes & physically active 18.3 – 5.3 18.1 – 5.2 -0.1 – 4.2 4.5 – 30.9 0.85
Type 2 diabetes & physically inactive 17.4 – 6.8 15.3 – 5.9 -1.7 – 5.2 -4.6 – 34.7↓ 0.01

CNFD, fibers/mm2

Not on weight gain therapy 27.1 – 8.4 28.5 – 8.4 1.4 – 7.1 13.1 – 36.2 0.82
On weight gain therapy 27.1 – 9.2 25.2 – 8.3 -1.9 – 7.0 -0.6 – 40.7 0.27

CNBD, branches/mm2

Not on weight gain therapy 55.7 – 28.8 47.8 – 31.7 -7.9 – 28.5 -4.1 – 61.3 0.08
On weight gain therapy 64.9 – 39.1 39.1 – 29.0 -25.8 – 36.1 -25.3 – 75.5↓ 0.001

CNFL, fiber length mm/mm2

Not on weight gain therapy 17.3 – 5.6 17.8 – 5.7 0.5 – 3.5 7.2 – 25.7 0.66
On weight gain therapy 17.9 – 6.5 15.8 – 5.7 -2.2 – 5.2 -6.1 – 35.1 0.12

Variables are summarized as mean – standard deviation. The mean difference of CCM measures between baseline and 2 year follow-up were com-
pared using a paired t-test. CNBD, corneal nerve branch density; CNFD, corneal nerve fiber density; CNFL, corneal nerve fiber length.
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associated with corneal nerve fiber loss in type 2 diabetes9,32.
However, evidence for the efficacy of intensive glycemic control
on DPN in type 2 diabetes is conflicting. The Kumamoto
trial33, ACCORD34, and BARI 2D35 trials showed that intensive
glycemic control delayed DPN progression, whilst the
UKPDS36, VA-CSDM37, and Steno-2 trial38 showed no benefit,
which was confirmed in a Cochrane review5. In this study, a
small improvement in HbA1 showed no improvement in neu-
ropathy. A recent longitudinal study reported that despite a
modest improvement in HbA1c and LDL cholesterol, there was
a progressive worsening of thermal thresholds, nerve conduc-
tion, and corneal nerve degeneration39. However, a >3% reduc-
tion in HbA1c and weight loss of about 7 kg in type 2 diabetes
over 4 years was associated with corneal nerve regeneration40,41.
Furthermore, we showed previously that treatment with exe-
natide and pioglitazone or basal-bolus insulin over 12 months
resulted in about a 3% reduction in HbA1c, corneal nerve
regeneration, and reduction in pain, particularly in those with
painful DPN42,43.
In type 2 diabetes, obesity, hyperlipidemia, and hypertension

are independently associated with DPN development2,6–8. Our
previous study in patients with type 2 diabetes showed that
hyperlipidemia was independently associated with DPN and
obesity was associated with painful DPN2. The prevalence of
DPN in normoglycemic individuals with obesity was higher
compared with lean normoglycemic individuals, suggesting that
obesity may be an independent risk factor for DPN6. In the
KORA F4/FF4 cohort followed over 6.5 years, BMI and waist
circumference were associated with incident DPN7. Similarly, in
a longitudinal study of 1,256 patients with type 2 diabetes fol-
lowed over 13 years, Andersen et al.8 showed that weight, BMI,
waist circumference, HDL, and LDL were associated with inci-
dent DPN. We44 and others3 have shown that systolic blood
pressure was independently associated with DPN. However, in
the current study, obesity, hyperlipidemia, and blood pressure
were not associated with DPN progression. This might be
attributed to the small sample size and short follow up time.
Weight loss may have a beneficial effect on DPN19. Weight

loss after bariatric surgery was associated with an improvement
in neuropathic symptoms and deficits, and corneal nerve regen-
eration in normoglycemic individuals with morbid obesity16

and individuals with type 2 diabetes and obesity17. In the cur-
rent study, a modest improvement in body weight or treatment
with anti-diabetic medication which promotes weight loss was
not associated with an improvement in DPN. However, there
was a progressive reduction in corneal nerve branches in
patients on anti-diabetic medication associated with weight
gain. This association was lost after adjusting for confounders
which may be attributed to the small sample size.
Physical activity may have a beneficial effect on DPN15,18–21

and previously we have shown that physical inactivity is associ-
ated with painful DPN2. In a longitudinal study, diet and exer-
cise, with a modest reduction in BMI and total cholesterol, was
associated with an improvement in neuropathic pain, sural

nerve amplitude, and cutaneous reinnervation over 12 months
in patients with impaired glucose tolerance (IGT)18. In a 4 year
study, aerobic exercise training was associated with a reduced
incidence of impaired vibration perception and abnormal NCS
in patients without DPN15. A 10 week aerobic and strengthen-
ing exercise program showed an improvement in neuropathic
pain and intraepidermal nerve branching in patients with
DPN19. Aerobic exercise training in patients with type 2 dia-
betes and DPN over 12 weeks was associated with improved
sural nerve conduction velocity20. Physical activity was also
associated with increased corneal nerve migration21. Interest-
ingly, in the current study progressive corneal nerve degenera-
tion occurred in physically inactive patients with type 2
diabetes.
We acknowledge that the small cohort size and relatively

short duration of follow up may have limited the associations
between risk factors and their change in relation to baseline
severity and progression of DPN. We have not assessed nerve
conduction or IENFD45, however, both previously failed to
identify improvement after simultaneous pancreas and kidney
transplantation14. Renal impairment was not associated with
neuropathy measures, however, the overall severity of impair-
ment was moderate and it was only present in 5.1% (4/78) of
participants.
In conclusion, a modest improvement in HbA1c, weight,

and lipids does not impact on the overall prevalence of dia-
betic peripheral neuropathy or painful neuropathy and cannot
prevent progressive small nerve fiber loss. Furthermore, physi-
cal inactivity and the use of glucose lowering medication asso-
ciated with weight gain may be associated with increased
small nerve fiber loss quantified using corneal confocal micro-
scopy.
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