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DIABETES IS A SERIOUS, COSTLY

disease that affects approxi-
mately 8% of adults in the
United States.1 Worldwide,

the incidence of diabetes is increasing
dramatically,2 especially among chil-
dren.3 The World Health Organization
estimates that there will be 220 million
people with diabetes by 2010. Diabetic
peripheral neuropathy (DPN) is one of
the most prevalent complications, yet it
remains a challenging clinical prob-
lem. Diabetic polyneuropathy has been
reported to affect nearly 50% of people
with diabetes.4 While some studies sug-
gest a further increased prevalence
among people with type 2 diabetes,4-7

others suggest that symptoms are more
severe in this population.4 Complica-
tions of DPN are a major cause for hos-
pitalization among people with diabe-
tes,8 and neuropathy ranks third in
lifetime expenditures associated with the
complications of diabetes, behind mac-
rovascular disease and nephropathy.9

Diabetic polyneuropathy was once per-
ceived as a late, inevitable complica-
tion of diabetes. There is now a grow-
ing impression that neuropathy may be
associated with mild glucose dysmetabo-
lism and may even be the presenting
symptom of diabetes.10

CASE PRESENTATIONS
Patient 1

A 62-year-old woman presented with
a 1-year history of burning pain in her
feet. She described her symptoms as

being worse at night and aggravated by
standing. She experienced electric-
like shocks, as well as hyperalgesia such
that innocuous stimuli (eg, bed sheets
rubbing against her feet) were painful.
She reported that her feet often felt as
if they were “on fire.”

Her examination showed normal
ankle reflexes and normal vibratory and
proprioceptive sense. The only abnor-
mality was a mild, stocking-pattern loss
of pinprick sensibility. Diagnostic evalu-
ation was unrevealing, with normal re-
sults of nerve conduction and electro-
myography testing. Results of a
neuropathy screen were normal; this
screen included a complete blood cell

count, chemistry and metabolic panel,
serum protein electrophoresis with im-
munofixation, testing for rapid plasma
reagin, and assessment of levels of thy-
roid-stimulating hormone, vitamin B12,
Sjögren syndrome antigens A and B, and

Author Affiliations: Departments of Neurology (Drs
Polydefkis, Griffin, and McArthur), Pathology (Dr
Griffin), Neuroscience (Dr Griffin), and Epidemiology
(Dr McArthur), The Johns Hopkins Hospital, Balti-
more, Md.
Corresponding Author and Reprints: Michael Poly-
defkis, MD, Department of Neurology, The Johns Hop-
kins Hospital, Pathology 509, 600 N Wolfe St, Balti-
more, MD 21287 (e-mail: mpolyde@jhmi.edu).
Grand Rounds at The Johns Hopkins Bayview Medi-
cal Center Section Editors: David B. Hellmann, MD,
Charles Weiner, MD, Stephen D. Sisson, MD, The Johns
Hopkins Hospital, Baltimore, Md; David S. Cooper, MD,
Contributing Editor, JAMA.

Patients with complaints of numbness, tingling, and dysesthesias in the toes
and feet are frequently referred to neurologists. Often, the only objective
evidence for peripheral nerve dysfunction in these patients is limited to small-
caliber sensory nerve fibers. On examination these patients may have re-
duced distal pinprick sensation, and distal leg skin biopsies show loss of
small-caliber nerve fibers. Studies focusing on small-caliber nerve fibers have
led to a growing impression that neuropathy can be associated with early
diabetes or impaired glucose tolerance (IGT). Often, neuropathy can be the
presenting symptom of either diabetes or IGT. Furthermore, the oral glu-
cose tolerance test appears to be a more sensitive measure of glucose dys-
metabolism in these patients than levels of fasting blood glucose or gly-
cated hemoglobin. Patients with IGT-associated neuropathy may represent
an attractive target population for future regenerative studies given that their
neuropathy is less severe and presumably more easily reversed than neu-
ropathy occurring in patients with diabetes.

Historically, small-caliber fibers have not been extensively evaluated due
to a lack of objective measures. Several measures to evaluate these fibers
are emerging, including skin biopsy with visualization of epidermal nerve
fibers. The accessibility of epidermal nerve fibers makes them an attractive
target for nerve injury models, which have potential for development as novel
outcome measures. Such approaches may address some of the challenges
of past diabetic polyneuropathy trials.
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glycosylated hemoglobin (HbB1C).
There was no history of familial neu-
ropathy and no exposure to toxins. Re-
sults of the oral glucose tolerance test
(OGTT) and of skin biopsies per-
formed to assess epidermal nerve fiber
(ENF) density were abnormal (2-
hour OGTT value was 154 mg/dL [8.55
mmol/L]; results of skin biopsies re-
vealed loss of ENFs at the distal leg site)
(FIGURE 1).

Patient 2
A 60-year-old woman presented with a
4-year history of sensory dysesthesias in

the feet. Symptoms initially consisted of
a pins-and-needles sensation, tingling,
burning, and sharp stabbing pains in the
toes. Symptoms progressed proximally
to involve the soles and distal legs and
were accompanied by a sense of numb-
ness. Past medical history was notable for
carpal tunnel surgery 2 years earlier,
which was not associated with any ap-
preciable benefit. Five years ago, which
was 1 year prior to symptom onset, a fast-
ing blood glucose (FBG) level was nor-
mal (81 mg/dL [4.49 mmol/L]). One year
later, at the time of symptom onset, an
FBG level was 110 mg/dL (6.10 mmol/L).

One year after symptom onset, her HbA1C

levelwas 5.8%; 3years after symptomon-
set, her HbA1C level was 6.4%. She was
diagnosed with diabetes 6 months later
whenherHbA1C levelwas7.8%and treat-
ment was begun with an oral agent. A fol-
low-up HbA1C level 6 months later was
6.0%. Results of a nerve conduction/
electromyography study at the time of
her symptom onset were normal, re-
sults from a repeat study 2 years later
were interpreted as borderline abnor-
mal, and a third study nearly 4 years af-
ter onset of symptoms demonstrated a
sensory neuropathy with reduced sural
amplitudes. Examination revealed nor-
mal reflexes and power throughout. Sen-
sory testing was notable for a stocking-
pattern sensory loss with diminished
pinprick sensitivity extending to the
knees, and increased vibratory thresh-
old and reduced proprioception at the
toes. In addition, sensation was subjec-
tively decreased in the distribution of the
right median nerve.

DISCUSSION
These patient histories underscore the
growing impression that DPN can occur
early in thecourseofglucosedysmetabo-
lism and may even be the presenting
symptomofdiabetes.Considerableeffort
has been directed toward understand-
ing the pathophysiology of DPN and has
led to numerous well-conceived clini-
cal trials. Despite these efforts, DPN
remains a challenging clinical problem
and there is currently no treatment
approved by the US Food and Drug
Administration aimed at halting or slow-
ing disease progression. This article will
review how the study of a subpopula-
tion of nerve fibers—specifically, small-
caliber sensory nerve fibers—has con-
tributedtotheunderstandingofDPNand
mayofferanopportunity toaddresssome
of the recognizedchallengesofpastpoly-
neuropathy trials.

The Skin Biopsy Technique
Patient 1 underwent skin biopsies for
evaluation of cutaneous nerves. This
technique has emerged over the past de-
cade as a useful method to diagnose and
study peripheral nerve disorders.11-15 Pe-

Figure 1. Representative Regions of Skin Biopsy Samples From a Healthy Patient and Patient 1

Proximal Thigh

Distal Thigh

Distal Leg

Healthy Control Patient Patient 1

50 µm

Epidermal nerve fiber (ENF) density at all biopsy sites from the healthy control patient is normal. In patient 1,
ENF density at proximal and distal thigh sites is normal, but there is complete denervation of the epidermis and
subepidermal dermis at the distal leg site. Ubiquitin hydrolase expression in ENFs is indicated by blue staining
and was immunolocalized using protein gene product polyclonal antibody and an avidin-biotin peroxidase com-
plex method with Vector SG as the chromogen. The sections were counterstained with eosin Y (original mag-
nification �40).
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ripheral nerve studies have preferen-
tially focused on myelinated nerve fi-
bers because methods available for
assessment of the small, unmyelinated
fibers were limited. Unmyelinated fi-
bers remain “invisible” to standard nerve
conduction studies, which assess large
sensory and motor fibers. Assessment of
unmyelinated fibers by sural nerve bi-
opsy is problematic and requires elec-
tron microscopy. Nerve biopsy also only
gives a window into 1 location along the
nerve at a single time point. Finally, from
a functional standpoint, cutaneous sen-
sation is transduced by the nerve fibers
that reach their targets in the skin, which
are are not identified by nerve biopsies.
These limitations, and the observations
that individuals with sensory neuropa-
thies have neuropathic pain with marked
allodynia, prompted studies of cutane-
ous innervation and led to develop-
ment of methods to identify and quan-
tify unmyelinated nerves in the skin.

Early studies of cutaneous nerves
focused on the structure of myelinated
nerves leading to Meissner cor-
puscles.16,17 Development of a monoclo-
nal antibody against protein gene prod-
uct 9.5, a panaxonal marker,18 has
allowed small sensory nerve fibers to be
visualized through immunohistochemi-
cal techniques. This approach has been
used by a number of researchers to vi-
sualize the subpapillary plexus of small
myelinated and unmyelinated nerve fi-
bers. Epidermal nerve fibers have re-
ceived the greatest scrutiny, mainly be-
cause they appear to be early indicators
of neuropathy and because adequate
samples can easily be obtained for quan-
titation.11,19-21 Robust normative data
have been developed22 and demon-
strate a distally dominant pattern of ENF
loss in diabetic neuropathy23 and other
neuropathies.24,25 Comparison of unmy-
elinated nerve-fiber counts from sural
nerve biopsies with ENF densities sug-
gests that skin biopsy may be a more sen-
sitive measure of small-caliber sensory
nerve fibers.26 Reduced epidermal in-
nervation has been found in some indi-
viduals with normal tendon reflexes at
the ankles, normal sural nerve action po-
tential amplitudes, and normal quanti-

tative sensory tests, as well as in indi-
viduals with spontaneous allodynic
pain.27,28 While the precise structural cor-
relates of allodynia remain uncertain, it
clearly can occur even with marked
depletion of A delta and C fibers in the
skin. Limitations of the skin biopsy tech-
nique relate to the high degree of vari-
ability in epidermal innervation among
healthy controls. This will likely trans-
late into a requirement for large sample
sizes in clinical trials that use this mea-
sure. In addition, the absence of a re-
duction in density of ENFs with increas-
ing age,22 as occurs with other measures,
has led some investigators to question
the technique.

IGT and Peripheral Neuropathy
There is a growing consensus for future
regenerative DPN trials to include
patientswithmilddisease. Several recent
studies have reported an association
between impaired glucose tolerance
(IGT) and peripheral neuropathy.29-31

Evaluationfor IGTrequiresa fasting75-g
2-hour OGTT, with IGT being defined
as a 2-hour serum glucose value be-
tween 140 and 200 mg/dL (7.77-11.10
mmol/L).32 Several large longitudinal
studies have demonstrated that IGT pre-
cedes diabetes and confers an increased
risk for subsequently developing diabe-
tes.33,34 Modest weight loss and routine
exercise and administration of metfor-
min both reduce the risk of progression
fromIGTtodiabetes.33 Otherstudieshave
suggested that IGT confers an increased
risk of heart disease and death.35,36

Patient 1 had an FBG level of 104
mg/dL (5.77 mmol/L) and a 2-hour
OGTT value of 154 mg/dL (8.55
mmol/L), consistent with a diagnosis of
IGT. Large-fiber nerve function, mea-
sured by nerve conduction testing, was
normal. Skin biopsies showed a loss of
ENFs at the distal leg site, consistent
with a diagnosis of small-fiber sensory
neuropathy (Figure 1).

Several groups have reported an in-
creased prevalence of IGT among pa-
tients with painful sensory neuropa-
thy37,38 and randomly selected patients
with sensory neuropathy and IGT were
found to have reduced ENF densities.39

Based on similar observations, we re-
cently completed a study of patients with
clinically confirmed, cryptogenic, pre-
dominantly sensory neuropathy.31 Of
these patients, 56% had abnormal OGTT
results, with 36% having IGT and 20%
having frank diabetes. These percent-
ages are 2- to 3-fold higher than those
reported in the National Health and Nu-
trition Examination Survey (NHANES)
III study, which showed an IGT preva-
lence of 15.8% among 2844 partici-
pants aged 40 to 74 years.1 In our study,
both the patients with IGT and those
with diabetes had objective evidence of
neuropathy, though the patients with
IGT had less-severe neuropathy as mea-
sured by distal-leg skin biopsies, sural
nerve amplitude, sural nerve velocity,
and peroneal motor response when com-
pared with their counterparts with dia-
betes. Similar to the relationship be-
tween hyperglycemia and cardiovascular
disease,40,41 we found a direct, dose-
response relationship between the de-
gree of glucose dysmetabolism and the
severity of neuropathy. When our pa-
tients’ neuropathy was stratified by neu-
ropathy type, those with predomi-
nantly small-fiber neuropathy had a
shorter duration of neuropathy symp-
toms (FIGURE 2) and most had IGT.
These results suggest that loss of small-
caliber nerve fibers may be the earliest
detectable sign of neuropathy in glu-
cose dysmetabolism, and that the OGTT
is a more sensitive measure of glucose
dysmetabolism in patients with crypto-
genic sensory neuropathy than levels of
either FBG or HbA1C.31

Our study was a cross-sectional study
and therefore only demonstrates an as-
sociation between IGT and peripheral
neuropathy. Nevertheless, it provides in-
direct support for a causal relationship
given the strength of the association, the
dose-response relationship, the replica-
tion of findings in different popula-
tions, and biological plausibility.42 The
findings also are consistent with the
emerging theme that diabetic complica-
tions are found among patients with IGT.
Clearly, longitudinal studies are needed
to establish the temporal relationship be-
tween IGT-associated neuropathy and
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diabetic neuropathy. Additional stud-
ies will be needed to address the possi-
bility of improving patients’ neuropa-

thy through improved glycemic control.
Patient 2 had impaired levels of FBG

(110 mg/dL [6.10 mmol/L]) at the time
of her symptom onset. While an OGTT
was not performed, we remain suspi-
cious that she may have had IGT or dia-
betes at that time. If so, her neuropathy
would have served as the presenting
symptom and aggressive action directed
toward improving glycemic control
might have improved her neuropathy.

Challenges and New
Approaches in DPN Trials
Clinical trials in DPN have focused on
improving the neuropathic pain asso-
ciated with DPN (symptomatic trials),
preventing progression of existing dis-
ease (prevention trials), and reversing
existing damage (regenerative trials).
Significant advances have been made in
the symptomatic treatment of DPN
while progress in prevention and re-
generative trials has been slower.

Several important lessons have been
gleaned from the past several decades
of regenerative DPN trials.43 These les-
sons include the recognition that re-
generative trials should include pa-
tients with milder disease, that trials
need to have longer durations in order
to detect a treatment effect, and that
they should include larger sample sizes
with more uniform patient popula-
tions.44 Including patients with ad-
vanced DPN, such as those with ab-
sent sural responses in regenerative
trials, may set too high a bar for poten-
tial neurotrophic or regenerative agents
by expecting severely damaged tissue
to regenerate.44 Similarly, the chronic
nature of DPN makes it difficult to
detect differences among treatment
groups in clinical trials lasting months
or a few years, and a duration of 3 to 5
years is believed to be needed.43,45

The patient histories presented ear-
lier are instructive in highlighting poten-
tial solutions to these challenges. If IGT-
associated neuropathy is a precursor to
DPN, patients with IGT may represent
an attractive study population given that
their neuropathy is less severe and pre-
sumably more easily reversed than that
in patients with diabetes.

In addition, a measure of small-fiber
nerves would be a welcome addition to
futureDPNtrials in lightof evidence that
thesenervescanbepreferentiallyaffected
early in glucose dysmetabolism. Exist-
ing measures of small-caliber sensory
nerves include sural nerve biopsy, quan-
titativesensorytesting,quantitativesudo-
motorautonomic reflex testing, andskin
biopsy. Each measure has pros and cons,
althoughthePeripheralNerveSocietyhas
questioned the continued use of tan-
demsuralnervebiopsies aspartof future
DPN trials due to the significant mor-
bidity of the procedure.46

The need for DPN trials to have du-
rations up to 3 to 5 years in order to de-
tect differences between treatment and
control groups47 is a daunting task, es-
pecially if large numbers of participants
are involved. Over the past several years
we have cultivated a novel approach to
measure axonal regeneration that may
compress this time frame. The ability to
quantitate ENFs in a relatively noninva-
sive fashion through skin biopsy has al-
lowed us to perform serial biopsies on
human participants and measure re-
growth of these nerves over time. Sev-
eral standardized models of nerve in-
jury have emerged. Two of the models
involve transection of cutaneous nerve
fibers, with subsequent denervation and
reinnervation of the epidermis.47 Both re-
generative and collateral sprouting can
be measured in such a fashion, with col-
lateral growth occurring more slowly and
incompletely than regenerative growth.
Regenerative sprouting involves re-
growth of axons along denervated
Schwann cell bands, while collateral re-
generation describes the branching of ex-
isting ENFs. A third model involves
chemical denervation of the epidermal
and subepidermal dermis achieved
through the topical application of cap-
saicin cream. Capsaicin is the active in-
gredient in hot chili peppers and stimu-
lates small nerve fibers through a
nonselective cation channel receptor,
VR1.48 Almost all epidermal fibers are
capsaicin-sensitive in humans, and cap-
saicin-mediated activation of VR1 pro-
duces an influx of calcium ions with con-
sequent activation of calcium-sensitive

Figure 2. Duration of Symptoms by
Neuropathy Type (N=41)
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Neuropathy type was classified using nerve conduction
and skin biopsy results. Patients were classified as hav-
ing predominantly small-fiber sensory neuropathy25 if
the only abnormality was their distal leg skin biopsy.
Patientswereclassifiedashaving large-fiber sensoryneu-
ropathy if they had abnormal sural responses and nor-
mal deep peroneal responses. Sensorimotor neuropa-
thy was defined as abnormal sural and deep peroneal
responses. Based on this classification, there appears to
be a stepwise progression of involvement by fiber type,
fromsmall-caliber sensoryaxons to largemyelinatedsen-
soryaxons tomotor-fiber involvement.Curvesweregen-
erated from raw data. Adapted with permission.31

DIABETIC POLYNEUROPATHY

1374 JAMA, September 10, 2003—Vol 290, No. 10 (Reprinted) ©2003 American Medical Association. All rights reserved.



proteases49 and axonal degeneration.
Capsaicin-treated skin has reduced num-
bers of epidermal and subepidermal
nerve fibers50,51 and the technique ap-
pears to be a powerful tool to experi-
mentally denervate the epidermis and
study subsequent regeneration.52 An ex-
ample of a series of skin biopsies depict-
ing capsaicin-induced denervation fol-
lowed by reinnervation is shown in
FIGURE 3.

Using such approaches, we have stud-
ied ENF regeneration as defined by re-
covery of ENF density in people with and
withoutdiabetes.Preliminary results sug-
gest that people with diabetes have a re-
duced capacity to regenerate their axons
and that changes in nerves begin early
in the course of diabetes before any signs
or symptoms of neuropathy are pres-
ent.53 These findings are consistent with
previous animal studies54 as well as with
reports suggesting that persons with dia-
betes recover less well from peripheral
nerve injury than people without diabe-
tes.55,56 The implications for regenera-
tive DPN trials are potentially far-
reaching. Since recovery following ENF
injury occurs over a matter of months
this approach may compress trial dura-
tion significantly. Finally, because per-
sons with nonneuropathic diabetes
appear to have impaired regenerative ca-
pacity, an argument can be made for in-
cluding individuals with diabetes and no
evidence of neuropathy in regenerative
neuropathy trials.

Lessons for the Clinic
The association of neuropathy with IGT
and the finding of reduced axonal re-
generation in people with diabetes have
several important implications for pa-
tient care. We believe that patients pre-
senting with sensory neuropathy should
be evaluated for subtle abnormalities in
glucose metabolism, such as IGT, and
treated if such abnormalities are found.
In addition, there is a rationale to treat
nerve injuries in these patients more ag-
gressively.

A 2-hour OGTT is required to iden-
tify patients with IGT. This differs from
the routine practice of measuring FBG
to screen patients for diabetes. There

is increasing evidence that glycemic
control is not adequately reflected in
HbA1C values,57 and the American Dia-
betes Association criteria for the diag-
nosis of diabetes do not include levels
of HbA1C.58 A 2-hour postchallenge glu-
cose value is a better predictor of all-
cause and cardiovascular disease mor-
tality than are levels of either HbA1C or
FBG.59-61 In addition, IGT is an inde-
pendent risk factor for cardiovascular
disease35,36,62 and death.35 Therefore, it
is easy to rationalize performing an
OGTT as part of an evaluation for pe-
ripheral neuropathy. If IGT is diag-
nosed, it should be treated. If IGT is di-
agnosed and treated, patients’ peripheral
neuropathy may improve or stabilize
(M.P., personal observation) and their
risk for developing diabetes and pos-
sibly cardiovascular disease will be re-
duced.33

For patients with diabetes and nerve
injuries, such as patient 2 with carpal
tunnel syndrome, glycemic control is
certainly important. There also may be
a motivation to aggressively treat car-
pal tunnel syndrome in these patients.
Conservative management with splint-
ing or steroid injections may result in
subsequent axon loss if they are not suc-
cessful. Given that patients with dia-
betes have a reduced regenerative ca-
pacity, it appears preferable to treat such
patients early with definitive surgical
release. Similar arguments might be
made for radicular injury due to dis-
ease of the spine, and potentially for pa-
tients with IGT.

In conclusion, DPN is a major medi-
cal concern with a high prevalence, a
huge economic cost to society, and
significant human suffering. Histori-
cally, prevention and regenerative trials
in DPN have been challenging and have
not yielded treatments approved by the
Food and Drug Administration, yet
DPN remains a dynamic field. The clini-
cal observations that DPN can begin
early in the course of glucose dys-
metabolism and that axonal regenera-
tive capacity may be reduced in pa-
tients with diabetes have important
implications in how we approach these
patients. In addition, the develop-

ment of novel measures of human axo-
nal regeneration offers exciting poten-
tial for future DPN regenerative trials.
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Figure 3. Representative Skin Biopsy
Sections at Baseline, After Capsaicin
Denervation, and at 2 Reinnervation
Time Points

Baseline (Day −2)

Following Capsaicin Treatment (Day 0)

Day 28

Day 56

100 µm

The baseline skin biopsy shows normal innervation of
the epidermis. Following capsaicin treatment (day 0),
there is complete denervation of the epidermis and
subepidermal dermis. Biopsy samples at 28 and 56 days
demonstrate reinnervation of the epidermis. Recov-
ery of epidermal nerve fiber density was correlated with
heat pain thresholds (data not shown). See Figure 1
legend for details of staining method (original mag-
nification �20).
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