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Abstract

Early diabetic neuropathy is characterized by loss of unmyelinated axons, result-

ing in pain, numbness, and progressive decline in intraepidermal nerve fiber

density. Patients with type 2 diabetes, without neuropathy, were assigned to

quarterly lifestyle counseling (N = 40) or structured, supervised weekly exercise

(N = 60) for 1 year. Distal leg IENFD significantly increased in the exercise

cohort and remained unchanged in the counseling cohort (1.5 � 3.6 vs.

�0.1 � 3.2 fibers/mm, P = 0.03). These results suggest preclinical injury to

unmyelinated axons is potentially reversible, and that IENFD may be a respon-

sive biomarker useful in future neuropathy prevention clinical trials.

Introduction

Diabetic neuropathy is characterized by early injury to

small unmyelinated axons resulting in pain, sensory loss,

and distal sudomotor dysfunction. Intraepidermal nerve

fiber density (IENFD) is a sensitive, quantitative, and

reproducible measure of early injury to small unmyeli-

nated fibers for which age-specific normative values have

been established.1,2 Accumulating epidemiological and

clinical data suggest obesity, dyslipidemia, and metabolic

syndrome are important risk factors for neuropathy in

type 1 and type 2 diabetes.3,4 Animal models of isolated

obesity, dyslipidemia, and Metabolic Syndrome demon-

strate similar selective injury to distal small fibers.5–8

Exercise improves multiple facets of metabolic syndrome

and has shown promise as a therapeutic strategy to slow

progression of neuropathy in patients with diabetes and

prediabetes.9,10 The objective of this study was to deter-

mine if exercise and lifestyle counseling could prevent the

natural history of IENFD decline in presymptomatic dia-

betic patients and to further validate IENFD as a neurop-

athy biomarker for future use in neuropathy prevention

or early intervention trials.

Participants and Methods

Participants with type 2 diabetes were recruited by direct

mail solicitation, and from University of Utah Diabetes

and Primary Care clinics. The University of Utah Institu-

tional Review Board approved the study, and all partici-

pants provided written informed consent. A Data Safety

and Monitoring Officer was appointed and reviewed all
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potentially significant adverse events within 1 week of

occurrence. Participants were 30–70 years of age at study

enrollment. Body mass index (BMI), blood pressure, fast-

ing glucose, hemoglobin A1c and lipids were performed

at screening to confirm the participant’s metabolic status.

Use of medications intended to control lipids or blood

pressure were accepted as evidence of dyslipidemia and

hypertension.

Participants with symptoms of distal lower extremity

sensory loss, numbness or neuropathic pain consistent with

peripheral neuropathy were excluded. All participants com-

pleted a validated neuropathy questionnaire, the Michigan

Neuropathy Screening Instrument (MNSI)11 and under-

went a focused standardized physical examination per-

formed by an Investigator using the Utah Early

Neuropathy Scale (UENS)12 to exclude asymptomatic

neuropathy. Those with a UENS score >4 were

excluded. Participants taking coumadin were excluded

because of bleeding risk from the biopsies. Pregnant

women were excluded because the dramatic metabolic

changes associated with pregnancy would interfere with

interpretation of testing. Each participant’s primary care

provider was asked to approve participation in the pro-

posed exercise program, and each participant was asked

to undergo standardized exercise tolerance testing con-

forming to American College of Sports Medicine guide-

lines.13 Those with significant cardiovascular disease or

whose primary care provider did not provide approval

were excluded.

Participants who met all enrollment criteria completed

a baseline evaluation designed to measure nerve function

and fitness. After local anesthesia with subdermal 1%

lidocaine, a 3 mm punch biopsy was obtained from the

left ankle 10 cm above the lateral malleolus and from the

left proximal lateral thigh 20 cm below the pelvic rim.

Using previously described methods,1 skin biopsy tissue

was sectioned into 50 micron thick sections, stained with

PGP 9.5, and IENFD determined by counting the number

of derma1–epidermal crossing fibers and dividing by epi-

dermal length. The technician was blinded to the biopsy’s

site and the participant’s status. Nerve conduction studies

(NCS) were performed after bringing the tested limbs

(usually left, as above) to between 32 and 34°C using a

Viasys Viking NCS machine (Natus, Middleton, WI).

Sural and radial sensory responses, tibial and peroneal

motor responses, proximal conduction velocities and

F-responses were obtained by the Investigators or an

American Board of Electrodiagnostic Medicine certified

technician. Six Minute Walk test was performed over a

standardized course.14 Quadriceps isometric peak force

(in Newtons) was measured using a KinCom dynamome-

ter (KinCom 500H; Isokinetic International, Chattanooga,

TN) and lower extremity extension power (in Watts) was

measured using the Nottingham Power Rig (Nottingham,

UK).15

Participants were assigned to either quarterly counsel-

ing sessions emphasizing principles of diet and moderate

home exercise, or to a mentored program of exercise and

dietary counseling based on that used in the Diabetes

Prevention Program.16 Each participant completed a base-

line 3-day food diary, reviewed this with a dietician, and

received individualized counseling on dietary habits. For

those assigned to the mentored program, exercise was

supervised for 30–90 min weekly, supplemented by

assigned home exercise, and emphasized a balanced mix

of aerobic and resistance training tailored to the partici-

pant’s baseline fitness and any orthopedic, cardiac or

pulmonary limitations. At baseline, each exercise partici-

pant met individually with the exercise physiologist to

review their medical, cardiac, orthopedic and exercise,

and to discuss the participant’s perception of current

exercise tolerance. An age-predicted maximum heart rate

was calculated using 220-age for cardiovascular exercise.

Participants were taught to perform home exercise at a

moderate exertion level, 11–14 on the validated Borg

“Rate of Perceived Exertion” (RPE) scale, and to record

exercise in a diary as a counseling aid.17 While perform-

ing weekly mentored exercise, participants followed a

schedule for progression of cardiovascular exercise, ramp-

ing from 65% of calculated maximum heart rate for

30 min in week one to 50 min of exercise at 85% of

calculated maximum heart rate by study week 7. If partic-

ipants were not able to follow this recommended intensity

progression, they were asked to maintain RPE of 12–16
during each mentored session. Similarly, for resistance

exercise, baseline strength testing was performed to deter-

mine maximum weight lifted for one repetition (1RM)

on leg press and biceps curls. Participants began resis-

tance training at 60% of 1RM, and worked to increase

strength and endurance sufficiently to perform three sets

of 12 repetitions at this weight before progressing to two

sets of 12 repetitions at the next weight setting.

During the initial 12 weeks, participants in the active

exercise cohort had biweekly access to a nutritionist at

the mentored exercise venue who provided additional die-

tary counseling. After 12 weeks of mentored exercise

active cohort participants joined monthly group meetings

designed to provide additional dietary education and pro-

mote home exercise. Both groups received quarterly study

progress visits.

Blood pressure, pulse, weight, BMI, metabolic mea-

sures, neuropathy scales, NCS, and distal leg and proxi-

mal thigh biopsy for IENFD were repeated at the

completion of 12 months of follow up. The Investigator

performing exam scales and NCS was blinded to the

participant’s study assignment.
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Results

174 diabetic participants provided consent and were

screened to identify 100 without baseline symptoms or

exam signs of peripheral neuropathy who met all study

entry criteria and were deemed safe to exercise. The most

frequent reasons for screen failure are enumerated in

Figure 1, and included symptoms of, or exam evidence of

neuropathy following review with the Investigator

(N = 28), lack of required permission to exercise from

their primary physician, failure to complete standardized

cardiac exercise treadmill testing, failure to return for or

complete baseline assessment, and unacceptable cardiac or

orthopedic exercise risk based on results of exercise toler-

ance testing or on baseline evaluation by the exercise

physiologist. At baseline, participants were randomly

assigned to exercise (N = 60) or lifestyle counseling

(N = 40) in a 3/2 ratio, anticipating greater dropout from

the exercise cohort. Analysis was intent-to-treat, and all

participants were invited to return quarterly and at

12 months regardless of their participation in assigned

aspects of the intervention. 88 participants could be eval-

uated after 12 months, representing roughly 12% attrition

from each group. Student’s t tests compared baseline

demographics, metabolic, fitness and nerve measures

between groups, and pairwise change in these measures

after 12 months (Table 1). Both groups experienced a

modest (but not statistically significant) improvement in

Six Minute Walk distance, which was greater in those in

the supervised exercise group. The only significant

improvement in metabolic function was increased HDL

(P < 0.05) in the exercise cohort (Table 1).

Exercisers increased IENFD at both ankle and proximal

thigh, while controls showed a small decline in IENFD at

both sites (Fig. 2). This difference between groups was

statistically significant at the ankle, P < 0.03. IENFD at

the proximal thigh was significantly greater at 12 months

for exercisers than controls (12.1 � 4.8 vs. 9.6 � 4.7,

P = 0.02). While other neuropathy measures were not

significantly different between groups at 12 months there

was a trend toward slower progression of UENS and

other neuropathy measures in the exercise group. Six of

35 controls (17%) but only three of 53 exercisers (5.7%)

progressed to an UENS score more than four over 1 year

(P < 0.08 by Fishers one-tailed exact test). For the small

number progressing to UENS more than four in either

group there was a nonsignificant trend toward lower

thigh IENFD and worsening of nerve conduction study

values (Fig. 2).

Discussion

In this prospective, single-blinded cohort study of lifestyle

intervention for the prevention of diabetic neuropathy, a

program of sustained, mentored exercise resulted in a

significant increase in IENFD among diabetic patients

without peripheral neuropathy, whereas counseling alone

resulted in stability. While there were too few participants

to assess impact of intervention on risk of incident neu-

ropathy, those in the counseling cohort experienced a

threefold higher rate of progression to abnormal neuro-

logical examination compared to the exercise group (17%

vs. 5.7%). Together, these results support the concept

that distal nerve fiber injury may occur in patients with

diabetes prior to neuropathy symptom onset, and that

cutaneous axons can regenerate in response to metabolic

improvement.

Improvement in IENFD was associated with a trend

toward improvement in metabolic syndrome features, and

change in HDL was significant between groups. Previous,

unblinded studies have found that exercise alone, or in

combination with dietary counseling, results in improved

cutaneous innervation and reduced neuropathy symptoms

in patients with neuropathy associated with either

prediabetes or early diabetes.9,10 The lack of significant

metabolic improvement suggests that exercise may medi-

ate enhanced peripheral nerve regenerative capacity via

Enrollment
Type 2 diabetes, age 30-70

N =174

Screen failures:
Neuropathy sx or exam signs:     28
No PCP permission to exercise:     5
Did not complete cardiac ETT:    16
Cardiac or orthopedic risk:             6
Other:                                                    4 

Did not arrive to baseline visit:   15

Baseline Assessment 
N=100

Study Attrition
4                 3 month                      3
2                 6 month                      1
0                 9 month                      0
1              12 month                      0

Group Assignment

Counseling 
N=40

Exercise 
N=60

12 Month Assessment
53    Evaluable participants     35

Figure 1. Study progress, with numbers of participants screened,

evaluated at baseline, assigned to study groups, and completing

12 month assessment.
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mechanisms other than weight loss and improved glyce-

mic control. One study of 17 participants with diabetic

neuropathy found significant improvement in neuropathy

symptoms and epidermal nerve branching following

mixed aerobic exercise and strength training, despite no

change in BMI.9 While there was an improvement in

HgbA1c from 7.8% to 7.3%, participants in the current

study had better baseline glycemic control (mean A1c of

6.8%).

These results further validate IENFD as a potentially

powerful surrogate measure for use in future clinical

trials. Therapeutic development for diabetic neuropathy is

significantly limited by a lack of biomarkers sensitive to

early treatment effect. Several studies demonstrate that

clinical scales and NCS are insensitive to change in early

Table 1. Selected comparisons between study groups.

Counseling

N = 35

Exercise

N = 53

Comparison

P value

Baseline characteristics of participants completing 12 months of study

Age (years) 58.4 � 6.7 56.4 � 6.9 0.16

Fraction male 18/35 (0.51) 31/53 (0.58) 0.66*

Diabetes duration (months) 81 � 64 87 � 54 0.62

Metabolic, fitness and strength

Body mass index 32.5 � 5.7 33.9 � 6.8 0.30

Hemoglobin A1c 6.8 � 1.0 6.8 � 1.2 0.81

Fasting glucose 114 � 32 120 � 34 0.48

Fraction taking any glucose lowering agent 30/35 (0.85) 46/53 (0.87) 0.99*

Fraction taking insulin 6/35 (0.17) 8/53 (0.15) 0.76*

HDL (mg/dL) 46 � 12 43 � 10 0.21

Quadriceps peak force (N) 386 � 131 410 � 135 0.45

Six minute walk distance (m) 497 � 61 492 � 61 0.65

Nerve function

UENS score 0.7 � 1.0 0.8 � 1.1 0.79

Peroneal conduc velocity (m/sec) 44.9 � 4.0 44.7 � 4.4 0.87

Tibial F-response latency (msec) 52.7 � 6.9 53.1 � 5.7 0.74

IENFD ankle (fibers/mm) 6.9 � 4.4 6.4 � 4.4 0.59

IENFD prox thigh (fibers/mm) 9.4 � 4.6 10.4 � 6.1 0.38

Change in measures at 12 months

Metabolic, fitness and strength

Hemoglobin A1c 0.11 � 1.0 0.20 � 1.3 0.81

Body mass index 0.0 � 1.4 �0.2 � 2.0 0.76

HDL (mg/dL) �2.2 � 5.5 0.2 � 6.0 0.05

Quadriceps peak force (N) 4.3 � 71.2 19.3 � 53.8 0.36

Six minute walk distance (m) 16 � 47 24 � 44 0.45

Nerve function

UENS score 1.1 � 1.8 0.4 � 1.7 0.08

Number (fraction) UENS >4 6/35 (0.17) 3/53 (0.06) 0.15*

Peroneal conduct velocity (m/sec) 2.4 � 8.3 0.8 � 7.7 0.36

Tibial F-response latency (msec) 0.7 � 4.0 �0.2 � 2.9 0.28

At baseline, data columns represent mean values for each measure �1 standard deviation. Twelve-month data columns represent mean change

from baseline by pairwise comparison, �1 standard deviation. For both data sets p values are derived from between-group t-test comparisons

assuming unequal variances, and significant differences are bolded. Sex ratio, and 12 months fraction of participants with UENS score >4 were

compared by two-sided Fisher’s exact test (*). Fraction with UENS >4 was 0 for both groups at baseline by study entry criteria definition. IENFD,

intraepidermal nerve fiber density; UENS, Utah Early Neuropathy Scale.
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Figure 2. Supervised exercise over 12 months improves intraepi-

dermal nerve fiber density (IENFD) in non-neuropathic patients with

diabetes. Bars represent change in IENFD 0–12 months � SEM at

ankle or proximal thigh for participants assigned to supervised exercise

(solid), or counseling (unfilled) groups. Participants receiving standard-

of-care counseling showed stasis or slow decline in fiber density.
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diabetic neuropathy.18 IENFD as an objective, direct mea-

sure of small diameter axon integrity that can be per-

formed in a blinded fashion and is responsive to

intervention.1,9,19 IENFD specifically evaluates distal

unmyelinated axons and thus does not directly assess

large myelinated fibers. However, IENFD is correlated to

large fiber surrogates, including NCS, among patients

with diabetic neuropathy.20 Longitudinal studies are

required to determine if early IENFD decline presages

future large fiber loss. Demonstration of significant

improvement in IENFD in the exercise group, and cessa-

tion of progression in the counseling group, suggest IEN-

FD may be particularly responsive to treatment effect.

Overall, these findings support use of IENFD as a surro-

gate measure in future early treatment or prevention

studies for diabetic neuropathy.
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