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PREFACE

Diabetic neuropathy is one of the most common long-term complications of diabetes
and can affect almost every organ or system of the human body. Peripheral somatic
neuropathy is directly related to foot problems and, along with peripheral vascular dis-
ease, is the main cause for foot ulceration and lower extremity amputation, the common-
est reason for hospital admission among diabetic patients. On the other hand, autonomic
neuropathy is involved in the development of silent cardiac ischemia and cardiac arrhyth-
mia and can be a major contributory factor in the increased cardiovascular morbidity and
mortality observed in diabetic patients.

Although the majority of practicing physicians are aware of the above effects of
diabetic neuropathy, other features of the disease may remain unrecognized despite their
significant impact on the patient's daily life activities. Impotence can affect up to half of
the diabetic male population and can have a severe impact not only on patients’ lives, but
also on the lives of their partners. However, since both patients and physicians may feel
uncomfortable in discussing this problem, it is not surprising that it is often left untreated
despite the ready availability of inexpensive, uncomplicated, and easily accessible thera-
peutic options. Finally, a variety of gastrointestinal conditions that are related to auto-
nomic neuropathy can also cause significant problems that may ultimately require
hospitalization and intensive treatment.

Clinical Management of Diabetic Neuropathy has been written for the greater audi-
ence of physicians who are treating diabetic patients, and who encounter neuropathy-
related problems in their daily practice. The family practitioner, internist, endocrinologist,
podiatrist, cardiologist, neurologist, urologist, and gastroenterologist are all members of
the team that cares for diabetics and may greatly benefit from Clinical Management of
Diabetic Neuropathy. It was therefore felt that this volume could only be successful if it
concentrated more on the clinical aspects of diabetic neuropathy and its current manage-
ment, and concisely detailed the causes that are, or are presumed to be, responsible for
the various clinical syndromes. Special emphasis is also given to the detailed description
of treatments that are currently available, or are expected to become available in the near
future. The detailed bibliography at the end of each chapter will, it is hoped, prove helpful
to the reader who would like a more detailed picture of any specific topic discussed.

I would like to express my gratitude to the authors, all internationally distinguished in
their field, who accepted my invitation to contribute to this project. I am also indebted to
Ms. Paula Smakowski, MS, PT, for her valuable editorial assistance. Finally, my sincere
thanks also go to Humana Press and the series editor, Dr. P. Michael Conn, for their trust
in my ability to realize such a project.

Aristidis Veves, MD
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1 The Epidemiology of Diabetic
Neuropathy

Edward J. Boyko, MD, MPH
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INTRODUCTION

Peripheral neuropathy is a devastating complication of diabetes mellitus because of
the debilitating symptoms it causes, or associated higher risk of other complications, in
particular those involving the lower extremities. The epidemiology of diabetic neuropa-
thy is not as well-understood as other complications of this metabolic disorder, includ-
ing retinal, renal, and coronary artery disease. Different peripheral nerves may be
damaged through a variety of pathologic processes as described in other chapters of this
book. This chapter will review the prevalence, incidence, and risk factors for different
types of diabetic neuropathy. The natural history of diabetic neuropathy will be briefly
described with regard to foot complications.

There are six major types of diabetic neuropathy: distal symmetric polyneuropathy,
autonomic neuropathy, nerve entrapment syndromes, proximal asymmetric mononeu-
ropathy (also known as diabetic amyotrophy), truncal radiculopathy, and cranial
mononeuropathy. This chapter will focus mainly on the first two types of neuropathy.
Little is known regarding the epidemiology of the remaining types, probably because,
with the exception of nerve entrapment syndromes, these occur infrequently.

From: Contemporary Endocrinology: Clinical Management of Diabetic Neuropathy
Edited by: A. Veves © Humana Press Inc., Totowa, NJ
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2 Boyko

EPIDEMIOLOGIC PRINCIPLES RELEVANT
TO THE STUDY OF DIABETIC NEUROPATHY

In order to understand published research on the epidemiology of diabetic neuropa-
thy, certain principles of epidemiologic study design must be taken into consideration.
These principles guided this author in the selection of relevant citations and data pre-
sentation. Only cross-sectional or case-control studies conducted in a population-based
sample (such as a defined community or health plan enrollment) were considered for
this chapter based on review of MedLine citations using the keywords “epidemiology,”
“diabetes,” and “neuropathy” from 1966 to March, 1997, review of bibliographies of
the articles obtained from the MedLine search for relevant citations, and review of the
author’s files. Nine published studies met this criterion. Clinic-based cross-sectional or
case-control studies have not been considered except in two instances, because of the
potential problem of selection bias associated with these study designs (7). All 11
prospective studies were considered. Prospective research is less likely to be biased
because of differences in probability of subject selection based on disease (neuropathy)
and risk factor presence. Prospective research is a stronger study design with regard to
inferring the possibility of causation, since the presence of risk factors may be deter-
mined prior to neuropathy onset.

The problem of measurement error in the assessment of the presence or absence of
diabetic neuropathy is well-recognized. Nerve conduction velocity, arguably the most
objective and accurate test available for the diagnosis of this complication, is known to
sometimes result in erroneous classification. For example, nerve conduction velocity
may be normal in diabetic subjects with symptoms of distal symmetric polyneuropathy
(2). This misclassification problem becomes even more problematic when a test result is
used to formulate a clinical plan for an individual patient, as compared to epidemiologic
analysis where population statistics are the result of interest. When misclassification of
neuropathy or risk factor status occurs nondifferentially (randomly), the net result is
bias of any observed difference towards the null value (7). Therefore, observed differ-
ences found in an epidemiologic analysis of risk factors for diabetic neuropathy validly
reflect potential causative factors for this complication, but probably underestimate the
magnitude of the risk increase. Epidemiologic studies may draw valid conclusions
regarding risk factors for diabetic neuropathy even if the techniques used to measure
either neuropathy or the potential risk factor are known to be inaccurate.

DISTAL SYMMETRIC POLYNEUROPATHY—
PREVALENCE AND RISK FACTORS (CROSS-SECTIONAL RESEARCH)

Dyck et al. examined the prevalence of neuropathy among all clinically diagnosed
diabetic subjects who resided in Rochester, Minnesota (3). Only 380 of 870 eligible
subjects (44%) agreed to participate, possibly caused by concern about the lengthy
neurodiagnostic study protocol. Neuropathy was defined if two criteria were satisfied:
abnormal nerve conduction in more than one nerve or abnormal test of autonomic func-
tion (low heart-rate variation in response to breathing or the Valsalva maneuver); and
neuropathic symptom or sign or abnormal quantitative sensory testing. Median dura-
tion of diabetes was 14.5 yr for insulin-dependent diabetes mellitus (IDDM) and 8.1 yr
for noninsulin-dependent diabetes mellitus (NIDDM) subjects. Although the prevalence
of neuropathy was high (Table 1), most subjects with neuropathy were asympto-
matic (~71%).
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Distal Symmetric Polyneuropathy: Prevalence, Incidence, and Risk Factors From Cross-

Table 1

Sectional Research Studies

Reference Subjects Prevalence Significant Risk Factors  Odds Ratio (95% CI)
(3) 100 IDDM 54% Not reported
259 NIDDM 45%
(4) 277 NIDDM 27% Age, 5-yr increase 1.2 (1.0-1.4)
89 IGT 11% Male gender 22 (1.2-4.1)
496 NGT 4% Diabetes duration, 5-yr 1.3 (1.0-1.6)
increase
Glycosylated hemoglobin, 1.3 (1.0-1.8)
2.5% increase
Insulin use 2.7 (1.4-5.2)
(6) 363 IDDM 34% Diabetes duration, 10-yr 1.2 (1.1-1.2)
increase
Glycosylated hemoglobin, 1.4 (1.2-1.7)
1% increase
HDL cholesterol, 0.13 1.2 (1.1-1.3)
mM decrease
Current smoking 2.2 (1.3-3.8)
Any macrovascular 2.3 (1.0-5.4)
disease
(10) 2405 DM 30% IDDM Diabetes duration not reported
20,037 38% NIDDM Hypertension not reported
non-DM Poor glucose control not reported
(11) 1084 DM 14% Age at diagnosis not reported
Diabetes duration not reported
Plasma creatinine not reported
Insulin dose not reported
Orthostatic blood not reported
pressure fall
(12) 1077 (20% 17% IDDM
IDDM, 80% Height (1-cm increase) 1.06 (1.00-1.13)
NIDDM) Retinopathy 9.0 (7.7-10.3)
NIDDM
Height (1-cm increase) 1.06 (1.03-1.08)
Age (1-yr increase) 1.02 (1.00-1.05)
Alcohol ‘‘units’’/wk 1.03 (1.00-1.05)
(1-unit increase)
HbAlc (1% increase) 1.2 (1.1-1.4)
Retinopathy 2.1(1.7-2.6)
(13) 375 DM (78% a IDDM
IDDM) Age not reported
Diabetes duration not reported
NIDDM not reported
Height
(14) 137 NIDDM, 53-63%, Not reported
139 non- depending
diabetic on the test
controls

“ Not reported, since all persons with diabetes were not included in this survey.
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A community-based study in San Luis Valley, Colorado, measured prevalence of
neuropathy in a bi-ethnic (Hispanic and Anglo) population (4,5). Neuropathy was
defined if two of three criteria were satisfied: neuropathic discomfort in feet and legs;
abnormal Achilles tendon reflexes; and inability to feel an iced tuning fork on the dor-
sum of the foot (test of thermal sensation). Subjects with NIDDM had the highest preva-
lence of neuropathy, whereas subjects with impaired glucose tolerance (IGT) defined
according to World Health Organization criteria had a prevalence about midway
between normal glucose tolerance (NGT) and NIDDM (Table 1). No IDDM subjects
were included in this study. Significantly higher prevalence of neuropathy was found in
relation to greater age, diabetes duration, and glycosylated hemoglobin; male gender;
and insulin use. Factors not associated with neuropathy prevalence included blood pres-
sure, height, smoking, prior alcohol use, ankle-arm index, and serum cholesterol, lipid,
and lipoprotein levels.

The Pittsburgh epidemiology of diabetes complications study included 363 subjects
with IDDM over 18 yr of age in a defined community (Allegheny County, Pennsylva-
nia) (6-8). Two of three of the following criteria had to be satisfied to fulfill the def-
inition of neuropathy: abnormal sensory or motor signs on clinical examination;
neuropathic symptoms; and abnormal tendon reflexes. Overall neuropathy prevalence
was 34% (18% in 19-29 yr olds, and 58% in those 30 yr of age or older) (Table 1).
Higher prevalence of neuropathy was associated with longer diabetes duration, higher
glycosylated hemoglobin, lower HDL-cholesterol, smoking, and presence of peripheral
vascular, coronary artery, or cerebrovascular disease (Table 1). Another analysis of the
Pittsburgh population explored the association between physical activity and distal
symmetric polyneuropathy among 628 IDDM subjects between 848 yr of age (9).
Male subjects who reported higher historical levels of leisure-time physical activity
(adjusted for diabetes duration, age, and current activity levels) had a significantly
lower prevalence of neuropathy. No association between historical levels of physical
activity and neuropathy prevalence was seen in females.

Data from the United States National Health Interview Survey were used to generate
neuropathy prevalence statistics on a nationwide sample of diabetic subjects (10). A
total of 2405 self-reported diabetic and 20,037 self-reported nondiabetic subjects were
surveyed for the presence of symptoms of neuropathy in the extremities (numbness,
pain, decreased hot or cold sensation). Prevalence of symptoms was more than three
times greater in diabetic vs nondiabetic subjects (Table 1). Among subjects with
NIDDM, higher prevalence of symptoms was associated with longer diabetes duration,
hypertension, and self-reported frequent high blood glucose, whereas age, gender,
height, insulin treatment, and smoking were unrelated to this outcome.

A population-based survey in Western Australia included 1084 diabetic subjects,
estimated to be 70% of the total who resided in this geographic area (/7). Sensory neu-
ropathy was defined as a bilateral reduction in pinprick sensation in the feet during a
sensory exam performed by endocrinologists. Neuropathy was found in 14% of sub-
jects, and was related to greater age at diabetes diagnosis, diabetes duration, plasma cre-
atinine, insulin dose, and orthostatic blood pressure difference (Table 1).

In a survey of 10 general practices in an English community, 1077 diabetic subjects
were identified and screened for neuropathy (12). Two of the following five criteria ful-
filled the definition of neuropathy: neuropathic foot symptoms; loss of light touch sen-
sation; impaired pinprick sensation; absent ankle jerk reflexes; and vibration perception
threshold greater than 97.5% of an age-standardized value. A total of 16.8% of diabetic
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subjects fulfilled these criteria, as compared to 750 nondiabetic controls drawn from
the same general practices. Risk factors associated with higher neuropathy prevalence
are shown in Table 1.

A survey of diabetic subjects in a defined community in Sweden yielded 375 subjects
between the ages of 15-50 with diabetes (78% IDDM) (13). A vibrameter was used to
assess vibration threshold and pain sensation was evaluated with application of an elec-
tric current to the foot. Among IDDM subjects, neuropathy presence was associated
with greater, age, diabetes duration, and height, although the association with height
disappeared in multivariate analysis after adjustment for gender. Among subjects with
NIDDM, neuropathy was associated with greater height only.

A survey of NIDDM subjects in a Dutch community revealed a high prevalence of
neuropathy, but also found that a substantial proportion of nondiabetic controls also
tested positive for neuropathy, probably because of the high median age of the popu-
lation (70 yr) (14). Proportion of diabetic and control subjects with abnormal results
by test is as follows: temperature 63 vs 49%, vibration (128-Hz tuning fork) 53 vs 33%,
and absent tendon reflexes 62 vs 21%. Analysis of risk factors for neuropathy was not
performed.

Another community-based study that was conducted in two municipalities in Sicily
will be mentioned but not discussed in detail, since only subjects who responded affirma-
tively to questions regarding the presence of symptoms of neuropathy were evaluated
further by a neurologist (15). This method likely led to considerable underascertainment
of neuropathy prevalence.

Although not community-based, two other cross-sectional studies are worthy of men-
tion because of their large sample sizes and, in one case, multinational composition. The
EURODIAB IDDM complications study (A cross-sectional clinic-based study of com-
plications from 16 European countries) examined prevalence of neuropathy, defined if
two or more of the following were present: symptoms, absence of two or more ankle or
knee reflexes, abnormal vibration perception threshold, and abnormal autonomic func-
tion (postural systolic blood pressure fall of 30 mmHg or more or loss of heart-rate vari-
ability as demonstrated by an RR ratio < 1) (16). The factors positively correlated with
neuropathy prevalence were age, diabetes duration, HbAlc, weight, current smoking,
severe ketoacidosis, macroalbuminuria, and retinopathy. The UK Prospective Diabetes
Study examined the association between neuropathy and potential risk factors among
2337 newly diagnosed subjects with NIDDM (7). Neuropathy was defined as absence
of two or more reflexes in the knees and ankles (5% of subjects), or vibration sensation
greater than two standard deviations from the age-corrected mean when measured with
a biothesiometer (7% of subjects). Neuropathy was significantly related to ischemic
skin changes of the foot (smooth or hairless skin), but unrelated to HbAlc, fasting
plasma glucose, smoking, serum lipid and lipoprotein levels, and the albumin/creati-
nine ratio.

Of the five community-based cross-sectional studies reviewed of NIDDM subjects
that presented data on risk factors for neuropathy, three reported a higher prevalence
of this outcome with longer diabetes duration and higher glycosylated hemoglobin, and
two found neuropathy prevalence correlated with age and height. The remaining risk
factors reported were not reproduced by other investigators. Only three community-
based cross-sectional studies addressed neuropathy prevalence in IDDM subjects in
association with risk factors. Two of these investigations reported a correlation between
diabetes duration and neuropathy prevalence. No other significant risk factor was
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reported by more than one IDDM community-based study. Cross-sectional research
affirms the importance of intensity and duration of hyperglycemia as potential risk fac-
tors for neuropathy, but also suggests other possible etiologies, as shown in Table 1.

DISTAL SYMMETRIC POLYNEUROPATHY—
INCIDENCE AND RISK FACTORS (PROSPECTIVE RESEARCH)

The most important epidemiologic study of diabetic neuropathy performed to date is
the Diabetes Control and Complications Trial (DCCT). Although designed to answer a
therapeutic question, this trial provides much valuable information regarding the inci-
dence of diabetic neuropathy and its relation to glycemic control. This clinical trial
included 1161 patients with IDDM who were followed for 5 yr for the development and
progression of neuropathy (/8). Subjects were randomized to intensive or control treat-
ment groups, after being initially divided into a primary (diabetes for 5 yr or less, no mi-
croalbuminuria, no retinopathy) or secondary prevention (diabetes for 15 yr or less,
moderate or less nonproliferative retinopathy, urinary albumin excretion less than 200
mg/24 h) subgroups, depending on the presence of end-point complications at baseline.
Clinical neuropathy was defined as two of the three following conditions: neuropathic
symptoms; sensory deficit to light touch, position, temperature, or pinprick; and abnor-
mal deep tendon reflexes. Confirmed clinical neuropathy was defined as an abnormal
clinical exam plus either abnormal nerve conduction in two or more nerves or abnormal re-
sponse to autonomic testing. After 5 yr follow up, the cumulative incidence of clinical
neuropathy, confirmed clinical neuropathy, and abnormal nerve conduction was lower
in the intensively treated vs control groups, irrespective of presence of complications at
baseline (Fig. 1). Among controls, the cumulative incidence of clinical neuropathy was
15-21%, depending on presence of baseline complications. Cumulative incidence of
abnormal nerve conduction was very high among controls (40-52%). These data
demonstrate the crucial role of hyperglycemia in the development of distal symmetric
polyneuropathy, but also suggest that neuropathy will continue to develop even in inten-
sively treated subjects exposed to milder degrees of hyperglycemia.

Several other prospective studies were designed to specifically define the incidence
of and risk factors for diabetic neuropathy. Of 288 veterans with diabetes but no neu-
ropathy, 20% developed neuropathy after 2 yr follow up (19). Neuropathy was defined
as insensitivity to the 5.07 monofilament at one or more of nine sites on either foot.
Risk factors for incident neuropathy in multivariate logistic regression analysis in-
cluded (OR, 95% CI): height, 2.5 cm increase 1.2 (1.1-1.4); previous foot ulcer
2.1 (1.0-4.1); age, 1 yr increase 1.04 (1.00-1.08); glycohemoglobin, 1% increase 1.2
(1.0-1.3); CAGE alcohol score (20), four questions answered positively vs none
7.0 (1.7-29.0); current smoking 0.2 (0.1-0.7); and serum albumin level adjusted for
serum creatinine, 1 mg/dL increase 0.3 (0.1-0.8).

Another investigation followed 231 NIDDM subjects free from distal symmetric
neuropathy at baseline for a mean follow-up period of 4.7 yr to assess risk factors and
incidence of this outcome (2/). Distal symmetric neuropathy was defined as described
above for the San Luis Valley cross-sectional study (4,5). Incidence of this outcome
was 6.1/100 person-years (95% CI 4.7-7.8). In a logistic-regression model that included
age, NIDDM duration, insulin treatment, glycohemoglobin, smoking, Hispanic ethnic-
ity, gender, history of myocardial infarction, and angina, the following factors were
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Fig. 1. Cumulative incidence of neuropathy after 5-yr follow up in intensively treated and control
subjects enrolled in the Diabetes Control and Complications Trial (DCCT). Definitions of neuropa-
thy and primary and secondary cohorts are provided in the text. Intensive treatment consisted of three
or more insulin injections/d or an insulin pump, compared to two injections of insulin daily in the
control group.

independently related to neuropathy incidence: NIDDM duration (5 yr increase) (OR
1.3, 95% CI 1.0-1.6); current smoking (OR 2.2, 95% CI 1.0-4.7), and history of
myocardial infarction (OR 3.5, 95% CI 1.2-9.7). Insulin treatment (OR 2.0, 95% CI
0.9-4.4) and female gender (OR 1.7, 95% CI 0.9-3.3) were associated with neuropathy
incidence at borderline statistical significance.

Data from a cohort of IDDM subjects seen within 1 yr of diagnosis at Children’s
Hospital of Pittsburgh were analyzed after 4 yr of follow up to assess the incidence of
neuropathy in relation to baseline glycemic control, defined as poor (glycosylated
hemoglobin 11% or greater, n = 220) or fair (<11%, n = 438) (22). Distal symmetric
polyneuropathy was defined as presence of two of three criteria: neuropathic symptoms,
decreased or absent tendon reflexes, or signs of sensory loss. Four-year cumulative inci-
dence of this outcome in this cohort of subjects with a mean age of 28 yr, all of whom
were diagnosed prior to age 17, was 13%, with an approximately threefold higher risk in
poor vs fair control groups (RR 3.2 p < 0.001).

Newly diagnosed Finnish NIDDM subjects (n = 133) were followed for 10 yr for the
development of peripheral neuropathy defined on the basis of nerve conduction velocity
and clinical symptoms (23). At baseline, 4.5% of subjects had polyneuropathy, whereas
after 10 yr of follow up this proportion increased to 20.9%. Higher cumulative incidence
of neuropathy was related to higher baseline fasting plasma glucose, lower fasting serum
insulin, and lower serum insulin 1 and 2 hours following a 75-g oral glucose load. Base-
line age, smoking, alcohol use, serum lipid values, urinary albumin excretion, and use of
antihypertensive medication were unrelated to incidence of polyneuropathy after 10 yr.
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A sample of 444 younger onset (diagnosed with diabetes before 30 yr of age and tak-
ing insulin) and 406 older onset diabetic subjects without neuropathy from an 11 county
area in Wisconsin were followed for up to 10 yr for the development of self-reported
loss of tactile sensation or temperature sensitivity (24). Higher glycosylated hemoglo-
bin was related to higher incidence of symptomatic neuropathy, even after adjustment
for age, duration of diabetes, and gender in a multivariate model.

The only other prospective study of risk factors for diabetic neuropathy that enrolled
more than 100 subjects compared baseline measures of HbA lc, age, diabetes duration,
and height in relation to change in thermal, vibration, and monofilament perception of
the feet over 2 yr of follow up in 201 medical clinic patients with NIDDM (30% African
American, 67% Hispanic) (25). Subjects were divided into an upper fiftieth percentile
change for all sensory tests vs those with change below the fiftieth percentile for all
tests. The comparisons of baseline measures by this classification did not show signifi-
cant differences for any potential risk factor.

Four other small prospective studies have been performed on risk factors for diabetic
neuropathy. An IDDM cohort (n = 96) enrolled in a randomized control trial of inten-
sive glucose control was followed for development of neuropathy defined as two or
more abnormal lower extremity nerve conduction velocities or abnormal vibration or
thermal sensation (26). No association was found between baseline HbAlc and inci-
dence of neuropathy over 5 yr of follow up, although higher HbAlc during follow up
was significantly related to this outcome, except for change in vibration sensation,
which was related to diabetes duration only. In another IDDM cohort, 77 subjects ages
25-34 years without clinical neuropathy at baseline were followed for 2 yr for the
development of clinically overt neuropathy (as previously defined for the Pittsburgh
epidemiology of diabetes complications study) (27). Nephropathy (defined as an albu-
min excretion rate greater than 200 pg/min on at least 2 of 3 occasions) and higher
vibration perception threshold at baseline independently predicted the development of
neuropathy, which occurred in 9% of subjects. Change in vibration sensation was mea-
sured over 5 yr in a cohort of 71 newly diagnosed subjects with NIDDM (28). Mean
fasting blood glucose over the 5-yr period, male gender, age, and body mass index pos-
itively correlated with change in vibration sensation threshold. A study of 32 newly
diagnosed subjects with IDDM followed for 5 yr found poorer glucose control (HbA1lc
of 8.3% or greater) related to diminished nerve conduction and decreased thermal (but
not vibration) sensation (29).

One large cohort study is worthy of mention for historical purposes. Pirart followed
4400 patients with diabetes in a Belgian clinic for the development of complications
from 1947 to 1973 (30). The cumulative incidence of neuropathy was 50% after 25 yr of
follow up, and was found to occur more frequently in subjects with poorer glucose con-
trol by urine and blood testing. Although the sample size of this study is impressive, its
methodology is compromised by a vague definition of neuropathy and outdated meth-
ods for measurement of glycemic control.

Prospective research on the risk of distal symmetric polyneuropathy confirms its
relationship to poorer glycemic control as reflected by fasting plasma glucose or HbAlc
at baseline, as reported by five of the seven largest (more than 100 subjects) and two
smaller (less than 100 subjects) cohort studies. Two prospective studies reported age as
a risk factor for neuropathy, whereas the following potential risk factors were reported
in one prospective study: male gender, height, increase in body mass index, nephropa-
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thy, high CAGE alcohol use score, low serum albumin level, insulin treatment, history
of myocardial infarction, diabetes duration, nonsmoking, fasting and stimulated serum
insulin levels. However, another prospective study produced contradictory results by
finding female gender and current smoking associated with neuropathy (27). Whether
these discrepant results arise from differences in neuropathy definition, dissimilar
patient populations, or both, cannot be determined at the current time.

PREVALENCE, INCIDENCE,
AND RISK OF AUTONOMIC NEUROPATHY

Diabetic autonomic neuropathy has been the subject of fewer research investigations
as compared to distal symmetric polyneuropathy. In a community-based cross-sectional
study of 168 subjects with IDDM, abnormal autonomic function, as measured by the E:I
ratio and the mean circular resultant, was associated with female gender, high LDL cho-
lesterol, and hypertension (3/). In addition, abnormal E:I ratio was related to low HDL
cholesterol, whereas abnormal mean circular resultant was associated with higher
serum triglyceride. Definitions for abnormal E:I ratio or mean circular resultant were
not provided in this publication.

Several prospective studies of autonomic neuropathy risk have been reported. The
DCCT found mixed results regarding the association between intensive glucose control
and 5-yr cumulative incidence of autonomic neuropathy defined as R-R variation with
breathing less than 15/min, Valsalva ratio less than 15 with R-R variation with breath-
ing less than 20/min, or orthostatic blood pressure drop of 10 mmHg or more with a
blunted catecholamine response (Fig. 1) (18). Greater R-R variation with breathing was
seen with intensive treatment in the primary prevention cohort only at the end of follow
up, whereas Valsalva ratio did not differ by intensive treatment in either cohort. A
Finnish cohort of 133 newly diagnosed NIDDM subjects was followed for 10 yr for the
development of parasympathetic neuropathy defined as an E:I ratio of 1:10 or lower,
and sympathetic neuropathy, defined as an orthostatic systolic blood pressure decline of
30 mmHg or more (32). At baseline, 4.9% of NIDDM subjects had parasympathetic
neuropathy, whereas apparently none had sympathetic neuropathy. After 10 yr of fol-
low up, rates of these neuropathies were 65.0% and 24.4%, respectively. In a stepwise
logistic regression model that considered as independent variables age, gender, body
mass index, systolic blood pressure, fasting plasma insulin and glucose, and ischemic
ECG changes, only fasting plasma insulin (OR 3.1, 95% CI 1.3-7.6) and female gender
(OR 3.4, 95% CI 1.2-9.8) were independently and significantly related to cumulative
incidence of parasympathetic neuropathy. In a similar logistic model for sympathetic
neuropathy cumulative incidence that considered all these factors plus use of diuretic
medication, only diuretic use entered the model at p < 0.05 (OR 2.9, 95% CI 1.0-8.2).
The previously mentioned Stockholm clinical trial followed 96 IDDM subjects for
changes in autonomic function as measured by respiratory sinus arrhythmia, Valsalva
maneuver, and orthostatic blood pressure fall (26). Baseline HbAlc was unrelated to
change in autonomic function, but HbAlc during 5 yr of follow up was significantly
related to this outcome. The remaining prospective study was small in size (n = 32 sub-
jects with IDDM), and found poorer glucose control (HbA lc > 8.3%) related to dimin-
ished heart-rate variability at rest and during deep breathing over 5 yr of follow up (29).

The literature on risk factors for diabetic autonomic neuropathy can be characterized
as smaller in size and less consistent compared to that available for distal symmetric
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polyneuropathy. The only risk factor reported in more than one study was female gen-
der, found to be associated with higher risk by two authors. The absence of a consistent
relationship between glucose control and autonomic neuropathy risk raises the possibil-
ity that the course of this complication is set soon after diabetes develops and is not
amenable to change thereafter, or that available research, including the DCCT, may
have been statistically underpowered for the detection of this association.

OTHER DIABETIC NEUROPATHIES

Little information exists on the prevalence of entrapment or focal neuropathies asso-
ciated with diabetes. In a cross-sectional survey based in Rochester, Minnesota, asymp-
tomatic carpal tunnel syndrome was found in 22% of those with IDDM and 29% of
those with NIDDM, whereas the corresponding prevalence for symptomatic cases was
11% and 6%, respectively (33). Ulnar and femoral cutaneous entrapment was found in
2% of IDDM and 1% of NIDDM subjects. Cranial mononeuropathy and truncal radicu-
lopathy were not observed in the Rochester population, whereas proximal asymmetric
polyneuropathy was identified in 1% of IDDM and NIDDM subjects (33). No incidence
data are available for any of these types of neuropathy.

No information exists on associations between potential risk factors and diabetic
nerve entrapment, mononeuropathies, or proximal asymmetric polyneuropathy from
community-based cross-sectional or prospective studies.

NEUROPATHY AS A RISK FACTOR FOR DIABETIC FOOT ULCER

A key factor in the pathogenesis of diabetic foot complications is presence of neu-
ropathy. Prospective studies demonstrate a higher risk of foot ulcer in association with
sensory lower-limb neuropathy as measured with the 5.07 monofilament or by vibration
perception threshold. Diabetic American Indians (» = 356) unable to feel the 5.07
monofilament had a 9.9-fold increase in risk of incident foot ulcer over a mean of 2.7 yr
of follow up (34). Higher vibration perception threshold (> 25 V) as measured with a
biothesiometer was associated with a nearly sevenfold increase in foot-ulcer risk among
469 diabetic patients followed for at least 3 yr (35). A prospective study of 728 United
States veterans followed for a total of 1800 person-years found higher foot-ulcer risk
independently associated with both insensitivity to the 5.07 monofilament (RR 3.0,
95% CI 1.6-5.4) and orthostatic blood pressure drop of 30 mmHg, a measure of sympa-
thetic neuropathy (RR 2.0, 95% CI 1.2-3.2) (36). Impaired sensation and autonomic
dysfunction may independently contribute to diabetic foot-ulcer pathogenesis.

IS IMPAIRED GLUCOSE TOLERANCE A
RISK FACTOR FOR DIABETIC NEUROPATHY?

The San Luis Valley study demonstrated a higher prevalence of distal sensory neu-
ropathy among subjects with IGT as compared to NGT (11.2 vs 3.5%) (4). This finding
was not supported in a study of 51 Swedish subjects with persistent IGT for 12-15 yr
who were compared to 62 age-matched nondiabetic controls (37). Nerve conduction
velocities did not significantly differ between the IGT and the NGT groups. Abnormal
heart-rate variation with breathing was more common in IGT vs NGT subjects (29% vs
8%, p < 0.01), suggesting that IGT may increase the risk of developing autonomic neu-
ropathy. Whether IGT increases risk of diabetic sensory or autonomic neuropathy can-
not be determined from available data.
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IMPLICATIONS FOR FUTURE EPIDEMIOLOGIC RESEARCH

Research on the epidemiology of diabetic neuropathy is at an early stage compared to
other diabetic complications. Considerable advances would occur in this field if stan-
dardized definitions were developed and used in multiple investigations, although care
should be taken to avoid protocols that would be burdensome to study participants,
because these would increase the likelihood of bias caused by unacceptably low partic-
ipation rates. Also, measurement methods should be used that easily translate into clin-
ical practice. Important potential confounding variables must be considered in future
studies, including alcohol consumption in particular, height, and possibly nutritional
factors as well. Further investigation of the association between hyperlipidemia and risk
of neuropathy is warranted to examine the possibility that this complication may have,
in part, a macrovascular etiology. Prospective studies of large cohorts of diabetic sub-
jects would likely yield the best quality information concerning potential causative risk
factors for diabetic neuropathy. Because of the low frequency of occurrence of diabetic
focal neuropathies, the case-control approach would be best suited to identify risk fac-
tors for these outcomes. Hopefully these efforts will lead to better methods to prevent
this difficult-to-manage complication of diabetes mellitus.
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INTRODUCTION

Diabetic peripheral neuropathy (DPN), which is characterized by nerve fiber atrophy
and loss (1), is a multifactorial disorder resulting from complex interrelated metabolic
and vascular defects. It is common, frequently underdiagnosed, and has been reported to
be present in 39% of healthy insulin-dependent diabetic patients (in the Diabetes Con-
trol and Complications Trial [DCCT]) (2) and may afflict over 50% of diabetic subjects
after 25 yr of diabetes (3) or 44% of diabetic subjects between 70-79 yr of age (4).
Although the DCCT has definitively implicated hyperglycemia in its pathogenesis and
progression (2,5), the resulting defects in glucose metabolism underlying diabetic neu-
ropathy remain to be identified, and their interaction with other elements in the diabetic
milieu (e.g., deficiencies of insulin and other growth-factors, oxidative stress, and so
on) remain uncertain. Moreover, the precise cellular localization of the deficits remains
highly speculative (6-8).

Glucose-related or “gluco-toxic” metabolic pathogenetic mechanisms include activa-
tion of the aldose reductase (AR) pathway (6,7,9), which alters cellular redox potential,
promotes intracellular sorbitol and fructose accumulation, and exacerbates oxidative
stress (6,10). In diabetic nerves, sorbitol accumulation has been proposed to lead to
compensatory osmotic depletion (and metabolic insufficiency) of other nonionic
organic osmolytes such as myo-inositol (MI) (1,6,11) and the -amino acid taurine (12),
with resultant effects on signal-transduction pathways, Na™-K*-ATPase activity, and
antioxidative capacity. In turn, increased oxidative stress may have heretofore unantici-
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pated effects on nerve osmolyte levels and nerve growth factor metabolism. These
metabolic defects may directly damage specific critical cellular components of compli-
cation-prone tissue, e.g., peripheral nerve axons or Schwann cells, or they may
contribute to end-organ dysfunction and damage indirectly through functional and/or
structural defects involving supporting mesenchymal elements such as the extracellular
matrix or microvasculature (13,14). Alternatively, a reduction in nerve blood flow has
been invoked to be of primary etiological importance (&) and has been attributed to sys-
temic or localized rheological abnormalities (15,/6) and alterations in vasoactive agents
including endothelium-derived nitric oxide (NO) (17,18), eicosanoids (/9) and endothe-
lin-1(20,21).

Increasingly, the complex interdependent nature of the metabolic and vascular
defects is emerging. Aldose reductase inhibitors (ARIs) that, for example, prevent
organic osmolyte depletion and decrease oxidative stress also correct nerve blood flow
deficits potentially through effects on both NO and eicosanoid metabolism (22).
Vasoactive agents including NO and the prostaglandins in-turn regulate Na*™-K*-
ATPase activity differentially within the vasculature and the nerve (23,24). Recently,
increased optimism has emerged that an effective and safe treatment for DPN is not just
a distant dream as studies have demonstrated that a new generation of potent ARIs,
preserve nerve conduction velocity (NCV), prevent nerve-fiber loss, and promote
nerve-fiber regeneration in human DPN (25,26). This review will explore the current
seemingly divergent hypotheses that have been invoked in the pathogenesis of diabetic
neuropathy and attempt to demonstrate their interdependence.

ALDOSE REDUCTASE

Glucose metabolism through AR is concentration-dependent but phosphorylation-
independent and AR, the rate-limiting enzyme that reduces glucose to sorbitol, and
sorbitol dehydrogenase (SDH), the second enzyme in the AR pathway that oxidizes sor-
bitol to fructose (Fig. 1), are both abundantly expressed in tissue prone to the chronic
complications of diabetes (6,7,9,22). Hyperglycemia activates the AR pathway primar-
ily by mass action, since carrier-mediated glucose uptake into these tissues is relatively
insulin-independent. Moreover, since AR employs NADPH as its reductant, and SDH
employs NAD™ as its oxidant, AR pathway flux alters the cytoplasmic redox state of
these adenine nucleotide couples as it increases steady-state sorbitol levels and converts
glucose to fructose (6,22) (Fig. 1).

Evidence Implicating the Aldose-
Reductase Pathway in the Pathogenesis of DPN

Studies with specific ARIs increasingly implicate this metabolic pathway in the
pathogenesis of DPN (and perhaps other diabetic complications) (7,25,26). In experi-
mental diabetic neuropathy in the rat, ARIs prevent, reverse, or moderate various
defects in NCV (7,12,22) and ameliorate morphologically evident nerve-fiber damage
and loss (27). More importantly, potent ARIs improve NCV in diabetic patients with
DPN (25,26). In multicenter placebo-controlled clinical trials in patients with DPN,
doses of potent ARIs that lower sural nerve sorbitol content by 80-85% also reverse the
histological loss of myelinated sensory-nerve fibers (expressed as the density [D] of
myelinated nerve fibers [MNF] = MNF/mm? cross-sectional area in serial sural nerve
biopsies) (26). The yearly improvement in NCV and MNFD with effective ARI treat-
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Fig. 1. Pathological effects of polyol-pathway activation.

ment exceed the magnitude of the yearly loss of MNFD and NCV in untreated diabetic
subjects, and approximate the magnitude of change deemed clinically evident and sig-
nificant (26).

The success of recent clinical trials has therefore resulted in the importance of high
polyol pathway flux in the pathogenesis of DPN becoming generally recognized. In
contrast however, the precise mechanisms whereby these beneficial effects are achieved
remain controversial. This controversy results from the ability of ARIs to correct many
of the known functional deficits in experimental diabetic neuropathy (EDN), including
impaired axonal transport (28,29), nerve osmolyte depletion (12,22), redox disturbances
(22,30), increased oxidative stress (10,22), depressed nerve Na*-K*-ATPase activity
(22,31), depletion of vasoactive agents (32), and nerve blood-flow deficits (32,33).
“Osmolyte disturbances” for example, as shown in Fig. 1, comprise only one limb of
AR pathway effects and indeed MI depletion comprises only one segment of the
“osmolyte disturbance” limb. Other metabolically important osmolytes such as taurine
may be equally depleted by sorbitol accumulation (/2). Redox disturbances resulting
from shifts in adenine nucleotide cofactor couples, and nonenzymatic glycation/glycox-
idation resulting from fructose production (Fig. 1) comprise the two other principal
pathogenetic pathways that may contribute to the deleterious effects of AR pathway
activation.

Aldose-Reductase-Related Osmolyte Disturbances

Activation of AR has been viewed as a critical link between hyperglycemia, cellular
osmotic dysregulation, and tissue damage in diabetes (6,7,34). In the renal medulla, AR
is now known to play a physiologic role in intracellular osmoregulation during antidi-
uresis (35). Indeed, the observation that the expression of the AR gene is strongly and
specifically induced by extracellular hyperosmolality (36) has led to a “compatible
osmolyte hypothesis™ that argues that a class of nonionic and therefore, “‘nonperturbing”
(34) osmotically active compounds such as sorbitol, MI, and taurine, function as alter-
native organic intracellular osmolytes responding coordinately to changes in external
osmolality, thereby buffering otherwise injurious shifts in the intracellular electrolyte
and water composition (34-38). On exposure to hypertonic stress, AR promotes the
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intracellular accumulation of sorbitol (34—36); induction of other stress-response pro-
teins such as the Na*-taurine cotransporter (38) and Na*-myo-inositol cotransporter
(SMIT) (37), promote accumulation of taurine and MI, respectively. Osmotic induction
of these genes is widespread and may occur in response to much smaller osmotic shifts
than previously suspected. Hyperglycemia-induced isotonic sorbitol accumulation is
unaccompanied by osmotic induction of other osmoresponsive genes (39,40). Indeed
the subtle osmotic effects of intracellular sorbitol accumulation (producing a “relative”
extracellular hypotonic state) are thought to downregulate the other Na*-osmolyte
cotransporters at the transcriptional and/or posttranscriptional level (41,42). Moreover,
since the compatible osmolytes exit through a single shared “volume-sensitive organic
anion channel” (VSOAC) (43), the osmotic consequences of sorbitol accumulation may
also activate MI and taurine efflux. Therefore in diabetes, inappropriate sorbitol accu-
mulation may cause compensatory depletion of other intracellular osmolytes rendering
them rate-limiting for normal intracellular metabolism (6,11,12).

Although initially regarded as metabolically inert, these alternative organic
osmolytes are now thought to have important metabolic as well as osmoregulatory roles
(6,11,12,22,4445). Thus, MI may become limiting for phosphoinositide (PI) signaling
(11), and taurine depletion may exacerbate oxidative stress and lead to disruption of
intracellular calcium homeostasis (44,45). Given the osmoregulatory and metabolic
importance of taurine and MI under isomolar as well as hypertonic conditions, abnor-
mal expression of osmoresponsive genes (e.g., AR, taurine transporter, or SMIT) may
exaggerate the deleterious effects of trivial osmolar or metabolic stress in diabetes pre-
disposing to complications. Indeed, evidence links increased AR enzyme activity and/or
protein abundance and the presence of diabetic complications (46,47). However ascrib-
ing nerve osmolyte depletion entirely to the osmotic stress resulting from exaggerated
accumulation of intracellular sorbitol appears to be an oversimplification as levels of
nerve MI and taurine can be changed in diabetic and nondiabetic nerves independently
of nerve sorbitol levels.

Sorbitol and the Myo-inositol Depletion Hypothesis

Nerve MI depletion has been invoked as an important mediator of the effect of sor-
bitol pathway activation on NCV slowing in acute experimental diabetes (1,6,48-50),
although this view has now been challenged (8,32,51,52). Oral 1% MI supplementation,
whether given in chow (53) or synthetic diet (12,48,49,53,54), corrects sciatic-nerve MI
depletion and reproduces the beneficial effects of ARI treatment on slowed NCV
(6,12,29,49), reduced nerve blood flow (55) and the development of paranodal axonal
swelling (56) in the steptozotocin-induced diabetic (STZ-D) and spontaneously diabetic
Bio-breeding (BB) rat models of experimental diabetic neuropathy (EDN). The oral
dose of MI appears critical, since 3% MI supplementation is not efficacious, and pro-
duces some slowing of MNCV in nondiabetic rats (32). This may reflect depletion of
other compatible osmolytes such as taurine (12). Thus the action of ARIs on the acute
and rapidly reversible slowing of nerve conduction in experimental diabetes is thought
to be mediated in part by correction of sorbitol-pathway-induced MI depletion (6).
Depletion of intracellular MI has been thought to render it rate-limiting for membrane
PI synthesis and turnover (6,/1) necessary for phospholipase-C-mediated G protein-
associated signal transduction. This has been speculated to lead to diminished PI-
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derived diacylglycerol (DAG) and impaired activation of protein kinase C (PKC),
which may link altered MI metabolism to defective Na*-K*-ATPase regulation (6,48)
in diabetic nerves. This assertion is based on the observations that Na*-K*-ATPase
activity (23,24,31,48), arachidonyl-DAG (57) and PKC activation (54) are diminished
in diabetic nerves and that dietary MI supplementation in vivo (6,22), or exogenous
PKC agonists in vitro (58) correct impaired nerve Na*-K*-ATPase activity. In addi-
tion, MI depletion through its effects on signal-transduction pathways and fatty acid
metabolism, may impair NO synthase activity (23,59) and/or lipoxygenase/cyclooxyge-
nase pathways (60), resulting in widespread metabolic and vascular deficits through the
disruption of NO and prostaglandin metabolism at the level of the sympathetic ganglia,
peripheral neuron, or endoneurial vasculature. The ability of a competitive inhibitor of
SMIT to reproduce the functional deficits of EDN in nondiabetic rats, and the ability of
dietary MI supplementation to overcome these deficits (6/), underlines the functional
significance of MI depletion and its consequences in EDN.

Taurine Depletion as a Mediator of Gluco-toxicity in Diabetes

Glucose-induced activation of the AR pathway results in depletion of the B-amino
acid taurine (2-aminoethanesulfonic acid) (12,42,45,62,63) in complication-prone dia-
betic tissues, including the peripheral nerve (12). The effect of glucose-induced MI
depletion on PI signaling is well-known (1), but the role of taurine depletion has only
recently been appreciated. Taurine is a potent antioxidant (64,65), calcium modulator
(44,66—68), and neurotransmitter (69,70), so that its intracellular depletion could pro-
mote chronic cytotoxicity in diabetes by interaction with a complex matrix of biochem-
ical mechanisms.

Like vitamin E, taurine inhibits oxidant-generating biochemical cascades rather than
scavenging free radicals. Hypotaurine, its immediate precursor and taurine transporter
substrate (71) is, however, a potent hydroxyl-radical scavenger (72). High taurine con-
centrations are found in tissues subject to oxidative stress (/2,45). For example, in dia-
betic rat lens, increased malonyldialdehyde (MDA) levels can be reversed by ARI (73),
which normalizes taurine levels (45), or by media supplementation with physiological
concentrations of taurine, which prevents cataractogenesis (62). In the kidney in vitro,
taurine can reproduce the effects of vitamin E by reversing the inhibitory effects of high
glucose and advanced glycosylation end products (AGEs) on mesangial-cell growth
(74) and can reduce glucose-stimulated mesangial-cell collagen production (63). Tau-
rine’s effects on cell growth are analogous to those of superoxide dismutase, catalase,
and glutathione, which correct the prolonged replication time of cultured human
endothelial cells in high glucose (75). In the sciatic nerve, taurine levels are depressed in
diabetic rats (/2) and nerve taurine replacement partially prevents deficits in nerve
blood flow and NCV in EDN (Pop-Busui and Stevens, unpublished observations), sug-
gesting an important modulatory role for taurine on nerve function (Fig. 2). In addi-
tional to its antioxidant effects, taurine modulates intracellular Ca2* (44,66—-68) and
PKC activation (67). Taurine lowers cytosolic Ca2* by stimulating mitochondrial
uptake (66,67), inhibiting PI turnover (67), and by decreasing internal Ca2* flux (66),
thereby inhibiting Ca2*-dependent PKC activation (67). Thus, intracellular taurine
depletion in diabetes may contribute to the glucose-induced activation of PKC that has
been invoked in the pathogenesis of diabetic complications (76,77) including DPN. In
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Fig. 2. Potential mechanisms linking taurine depletion to oxidative stress and NCV slowing in exper-
imental diabetic neuropathy. Hyperglycemia may exacerbate oxidative stress by both AR-related and
AR-unrelated mechanisms. Firstly, glucose-induced activation of the AR pathway results in intracel-
lular sorbitol accumulation leading to compensatory depletion of taurine, alteration of cellular redox
potential, and the generation of the potent glycosylator fructose. By AR-unrelated mechanisms, high
glucose may activate PKC, which inhibits taurine-transporter activity and leads to taurine depletion
and/or stimulates nonenzymatic protein glycation and auto-oxidation of glucose. Taurine deple-
tion may increase oxidative stress directly and indirectly by aggravating nerve ischemia, which in,
turn generates oxygen free radicals (OFRs). Reciprocally, oxidative stress may consume taurine, and
quench nitric oxide (NO), thereby further exacerbating nerve ischemia. Both nerve ischemia and
oxidative stress may result in NCV slowing.

addition, neuronal and glial taurine (78) is thought to function as an osmoregulator, neu-
romodulator, or inhibitory neurotransmitter (35,38,69,70,79) as well as neurotrophic
agent (80,81). Taurine may also modulate neuronal hyperexcitability by producing
hyperpolarization (82) or by inhibiting Ca2* /calmodulin-dependent protein kinases and
its depletion may therefore play a role in the pathogenesis of painful neuropathy (12).

Aldose Reductase and Oxidative Stress

Increasingly, oxidative stress, has been implicated in the development of chronic dia-
betic complications (83-86) including DPN (8,87). Malonyldialdehyde, a degradation
product of lipid hydroperoxide, is increased in experimental (88) and human diabetes
(89). Reduced levels of circulating antioxidants including ascorbic acid, platelet vitamin
E, and taurine in human (90-92) and experimental diabetes (88,93,94) have been
ascribed to increased antioxidant consumption from increased oxidative stress, or to
transition metal-catalyzed glucose “auto-oxidation” (84,85). Increased oxygen-free-
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Fig. 3. Potential interrelationships between polyol-pathway activation, oxidative stress, and alter-
ations in signal-transduction mechanisms.

radical activity in diabetes is reversed by insulin (95,96) or ARIs (30,97), and has been
ascribed to glucose—protein interactions (84,98), to auto-oxidation of glucose (84-86),
and to glucose-induced activation of the AR pathway (10,30,97,99) (Fig. 3).

In EDN, nerve blood flow is decreased, hypoxia may be present and reducing equiv-
alents are increased (8,/00). In STZ-D rats, levels of conjugated dienes are increased
and superoxide dismutase (SOD) levels decreased after 1 mo of diabetes compared
to aged matched nondiabetic control animals (/00), and levels of nerve glutathione
(101) are decreased. Hypoxia may exacerbate oxidative stress by the generation of oxy-
gen free radicals by the xanthine—xanthine oxidase reaction (102). The impairment of
the blood-nerve barrier (103,104), reduced nerve norepinephrine (105) content, and
decreased SOD (106) supports the existence of increased nerve oxygen free radicals.
Conversely, in diabetes, increased oxidative stress may, in part, be responsible for the
reduction in nerve blood flow (Fig. 2). Increased oxidative stress in diabetic vasculature
(85,89,98) has been implicated in elevations in DAG and PKC (76), which may con-
tribute to vascular dysfunction and proliferation (76,77,107). Oxidative stress can per-
turb prostanoid synthesis (88,/08) and NO synthesis (109,110) in diabetes and impaired
endothelium-dependent relaxation in hyperglycemic rabbits can be corrected by the
antioxidant probucol (111).

Support for a role of oxidative stress in EDN is provided by the ability of antioxi-
dants and pro-oxidants to prevent or provoke, respectively, functional nerve deficits.
Lipid-soluble antioxidants (87,101,112) such as probucol, the free-radical scavenger
and glutathione precursor N-acetylcysteine (113), glutathione itself (101), the chain-
breaking antioxidant lipoic acid (//4), and natural antioxidant vitamins C, E, and B
carotene (/15) prevent vascular defects and NCV slowing in diabetic animals. The
advanced glycosylation end-product (AGE) inhibitor aminoguanidine prevents motor
and sensory NCV deficits (116,117) in diabetic rats and prevents the reduction in nerve
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blood flow (117). Conversely, aggravation of oxidative stress with primaquine in non-
diabetic rats partially reproduces diabetic nerve dysfunction (87).

Amelioration of oxidative stress may emerge as the principal mechanism of action of
the ARIs (10,97). Advanced glycation is exacerbated by high polyol pathway flux as
fructose is a more potent glycating agent than glucose, as are the intermediates and
products of the hexose-monophosphate shunt that generates NADPH for AR (118).
High flux through the polyol pathway may consume NADPH, which is required for the
reduction of glutathione, which is involved in glutathione-peroxidase-catalyzed
removal of peroxide formed by the scavenging action of SOD on oxygen free radicals
(87). A number of observations suggest that the beneficial effects of ARIs in diabetes
may involve decreasing oxidative stress by a mechanism that may involve direct anti-
oxidant effects as oxygen free-radical scavengers or via effects on cellular redox,
glutathione, or taurine concentrations (98). The ARIs sorbinil and rutin (/19) inhibited
collagen-linked fluorescence (10) and increased vascular permeability in diabetic ani-
mals. In diabetic patients, the ARI tolrestat decreases plasma oxygen free-radical levels
(99). ARIs may also work partly by binding free copper ions, thus blocking copper-cat-
alyzed ascorbate oxidation (98) and by preventing depletion of the endogenous antioxi-
dant taurine (/2). Therefore, accumulating evidence implicates a central role for
increased oxidative stress in the pathogenesis of EDN. The availability of a plethora of
naturally occurring and synthetic antioxidants should also accelerate the instigation of
clinical trials to evaluate their efficacy in humans.

Nonenzymatic Glycation

Nonenzymatic formation of Schiff-base residues between glucose and the amine
groups of proteins with subsequent Amadori rearrangement, yields glycosylated pro-
teins including hemoglobin (84-86,118). More complex heterocyclic carbohydrate-pro-
tein adducts (AGEs) in diabetes lead to protein—protein cross-links and liberation of
highly reactive free radicals that structurally alter extracellular matrix and promote
cytotoxicity, NO quenching and macrophage activation via the “AGE” receptor (120), a
cascade central to current theories regarding the pathogenesis of diabetic complications.
Involvement in the pathogenesis of DPN is suggested by evidence that glucose—
protein adducts on laminin reduce its support of neurite outgrowth in vitro (/27), and
that aminoguanidine (which impedes the formation of complex sugar—protein adducts
among other actions) ameliorates some of the characteristic defects of EDN (116,117).
Recent studies, however, suggest that glucose has a particularly low glycosylation
potential among sugars, especially compared to fructose and its metabolites (/18). In
particular, a novel metabolic pathway that enzymatically phosphorylates fructose
(and possibly sorbitol) leading to fructose-3-phosphate (and possibly sorbitol-3-phos-
phate), which subsequently degrades to 3-deoxyglucosone (3dG), a particularly potent
glycosylating agent (122). Thus, AR pathway flux, that converts glucose with its low
glycosylating potential, into fructose and sorbitol, phosphorylation by a 3-phosphoki-
nase (122), and subsequent degradation to 3dG, would radically accelerate the forma-
tion of complex heterocyclic carbohydrate—protein adducts known as AGE.

The Sorbitol-Redox Hypothesis

In diabetes, the sorbitol-redox hypothesis proposes that the flux of glucose through
AR and sorbitol dehydrogenase stochiometrically oxidizes NADPH/NADP* and
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reduces NADH/ NAD™" ratios, respectively. Polyol pathway activation in diabetes
could, therefore, produce redox disturbances if the capacity of the cell to buffer redox
shifts is otherwise compromised or overwhelmed (Fig. 3). Increased oxidative tissue
damage in diabetes has been proposed to result from oxidation of NADPH/NADP* and
resulting depletion of reduced glutathione (100,101). Depletion of NADPH may also
limit NADPH-dependent synthase reactions, including those responsible for the synthe-
sis of NO, a potent vasodilator and neuromodulator. Thus could lead to NO depletion
with secondary effects on nerve blood flow and energy reserve, which could further
impair redox-buffering capacity and other energy-requiring processes, e.g.,
Na*K*ATPase (23). The metabolic oxidation of glucose-derived sorbitol to fructose by
sorbitol dehydrogenase and the consequent reduction of the NADH/NAD™ couple has
been suggested to reproduce the redox effects of hypoxia (/23), a metabolic pseudohy-
poxia (/24) and has been critically implicated in the pathogenesis of diabetic neuropa-
thy (124). The resultant shifts in cytoplasmic NADH/NAD* would divert glycolytic
intermediates to the synthesis of phospholipid precursors such as a-glycerophosphate,
phosphatidic acid, DAG, and cytidine-diphospho-diglyceride (CDP-DG), while at the
same time interfering with B-oxidation of long-chain fatty acids (/24) that accumulate
in diabetic nerve. The tissues most at risk from this stress may be those with limited
oxidative capacity such as the erythrocyte or renal medulla, or in tissues in which oxy-
gen delivery is compromised in diabetes. These relationships are currently being
assessed in both cell culture and animal models. Support for the metabolic pseudohy-
poxia hypothesis has been provided by the ability of millimolar concentrations of pyru-
vate, which should oxidize the NADH/NAD™ redox couple, to block glucose toxicity
(124). However in cell culture, pyruvate has been shown to enhance Na*-dependent MI
transport rather than correct a putative alteration in cytoplasmic redox, providing an
alternative explanation for the beneficial effects of pyruvate (125). This is another
demonstration of the importance of nonosmotic factors in the regulation of nerve
osmolyte levels, and suggests the possibility that ischemic hypoxia, by reducing pyru-
vate levels, could exacerbate MI depletion under some circumstances.

SIGNAL TRANSDUCTION PATHWAYS AND NA*+-K*-ATPASE
ACTIVITY

Antiparallel Effects of Glucose on PKC Activity

Glucose-induced alterations of signal transduction pathways are thought to play a
critical role in the development of diabetic complications including DPN. However,
there appears to exist a heterogeneous and cell-specific relationship between ambient
glucose and intracellular signaling. Physiological hyperglycemia has been speculated to
alter PI signal transduction by two separate mass-action mechanisms with antiparallel
effects (126). In peripheral nerve, glucose-induced, AR-catalyzed sorbitol accumulation
and reciprocal MI depletion diminish PI synthesis and turnover, and the subsequent
release of Pl-derived arachidonyl-DAGs (6), with the net result that PKC activity is
decreased (Fig. 4). However, this is in direct contrast, with for example, the vascular tis-
sues in which the predominant effect of elevated concentrations of glucose appears to
be PKC activation (76,77). In order to explore the etiology of these tissue-specific phe-
nomena, elements of this pattern of metabolic glucotoxicity have recently been studied
in tissue culture (/1,127). In cells with high AR gene expression and activity (11,128),
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Fig. 4. Bidirectional effects of glucose on PKC activity. GP (glycero-phosphate), PA (phosphati-
dic acid).

including retinal pigment epithelial cells (11,39,40) and retinal microvascular pericytes
(127), basal and/or agonist-stimulated PI turnover and release of inositol phosphates
and/or DAG is diminished after exposure to 20-25 mM glucose. In low AR-expressing
retinal pigment epithelial cells (1), and other incubated cells and tissues with relatively
low AR expression (128) such as retinal microvascular endothelial cells (/29) and iso-
lated renal glomeruli (130), elevated glucose increased DAG precursors such as a-glyc-
erophosphate and phosphatidic acid, which are thought to increase de novo synthesis of
DAG, in an AR-independent fashion. Thus, there appears to be two distinct metabolic
responses that reflect the level of AR gene expression and activity, and the presence or
absence of MI depletion (Fig. 4).

The existence of cell-specific AR-mediated heterogeneity of the effects of glucose on
DAG is intriguing given the varied cellular composition of most tissues prone to dia-
betic complications including the retina (131), the renal glomerulus (132), the arterial
wall (128), and peripheral nerve (133). For example, discordant effects of glucose on
DAG levels and molecular species in retinal pericytes (/27) and endothelial cells (129)
could produce simultaneous but diametrically opposite or at least divergent (134)
effects on growth factor responsiveness and the cell cycle, promoting the simultaneous
pericyte loss and endothelial cell replication characteristic of early diabetic retinopathy.
Also, the reported beneficial effects of dietary essential-fatty-acid supplementation
(135,136) or prostaglandin analogs (33) on nerve function in STZ-D rats could be
explained by amelioration of AR-mediated reductions in arachidonyl-DAG and related
molecular species in diabetic nerve. By these constructs, ARIs would offer the potential
to convert the biochemical response to hyperglycemia from one pattern to the other in
a tissue-specific manner, which would be dependent upon the intrinsic level of AR
activity, the degree and site of AR inhibition, and the propensity to increase de novo
synthesis of Pl-related compounds from glucose. The importance of glucose-induced
activation of PKC in some tissues prone to diabetic complications has received some
support by the recent demonstration that a specific PKC B 1 inhibitor could correct dia-
betes-induced retinal and renal dysfunction in the STZ-D rat (137). As the effects of
activation or inhibition of PKC can be expected to have divergent tissue-specific regu-
latory effects, e.g., on Na*-K*-ATPase activity and NO synthase activity, tissue-nons-
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elective pharmacological blockade (or activation) of PKC isoforms could be expected
to ameliorate the effects of hyperglycemia in some tissues, but may aggravate glucotox-
icity in others. Indeed, the effects of PKC 1 inhibition on tissues that differ from the
retina and kidney in the signal-transduction response to hyperglycemia such as the
peripheral nerve were not reported (137).

Reciprocal Effects of Signal
Transduction Pathways on Nerve Osmolyte Levels

Depletion of nerve osmolytes in diabetes has previously been proposed to result from
osmotic compensation for glucose-induced sorbitol accumulation (6). The recent
demonstration that nerve acetyl-L-carnitine replacement in STZ-D rats can correct nerve
MI levels independently of polyol pathway activity (138) and the reported ability of
cyclo-oxygenase (COX) blockage to decrease nerve MI levels in nondiabetic rats (139),
suggests that nonosmotic metabolic factors may also regulate nerve organic osmolyte
levels in EDN. Intracellular levels of MI and taurine are regulated by transmembrane
transport mediated by their Na*-dependent cotransporters (regulating cellular uptake)
(37,38) and VSOAC (regulating cellular efflux) (43). These transport mechanisms are
critically regulated by signal-transduction pathways (Fig. 5). In cell culture systems,
PKC activation appears to have parallel effects on transmembrane transport of MI and
taurine, as it inhibits active uptake (/40) and stimulates efflux (43). However, in con-
trast activation of PKA appears to selectively stimulate MI uptake alone (14, Stevens
unpublished observations). Thus in diabetes, glucose-mediated activation of PKC or
inhibition of PKA or altered nerve-energy balance may mediate a major component of
the rapid depletion of MI and, possibly, taurine observed in diabetic rodents (6,12,49)
(Fig. 5). Moreover, therapeutic interventions that have a major impact on signal-trans-
duction pathways (e.g., prostaglandin analogs, PKC antagonists/agonists) may have
unanticipated effects on nerve osmolyte levels that may not always be beneficial. There-
fore, the heretofore unforeseen and divergent effects of polyol pathway-independent
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Fig. 6. Regulation of nerve Na*-K*-ATPase activity

metabolic interventions on nerve osmolyte levels indicates that careful consideration
will need to be given these effects in the selection of future therapeutic agents.

Regulation of the NA*-K*-ATPase

The Na-K*-ATPase has emerged as a possible mechanism for nerve conduction
slowing in acutely and chronically diabetic rats as many interventions that prevent
nerve dysfunction correct Nat, K*-ATPase activity (6). Decreased Na™, K*-ATPase
activity may reflect altered energy metabolism (/42) and voltage-clamp studies have
documented decreased resting axolemmal membrane potential and a four- to five fold
increase in intra-axonal [Na*] (143). This ATP-dependent Na*-K™*-antiporter also
maintains the Na™ gradient that is necessary for the transmembrane transport of MI and
taurine. Support for the importance of Na*, K*-ATPase activity in the maintenance of
nerve function is provided by recent studies in which pharmacological manipulation of
nondiabetic rats with agents that decreased nerve Na*™-K*-ATPase activity reproduced
diabetic NCV slowing (23). Cyclo-oxygenase products appear to play an important role
in the tonic maintenance of nerve Na*, K*-ATPase activity as COX-inhibition poten-
tially decreases ouabain-sensitive activity (/39) (Fig. 6). Moreover, in EDN, PGEI
analogs (33) and cilostazol (a phosphodiesterase inhibitor) (/44) correct the reduced
cAMP levels and prevent the decrease in Na*, K*-ATPase activity in STZ-D rats. The
potency of COX-inhibition to disrupt nerve Na*t, K*-ATPase activity contrasts with its
lack of effect on Na*, K*-ATPase activity in vascular tissue (24) (and lack of effect on
systemic blood pressure). Moreover, in cultured rat vascular smooth-muscle cells, ele-
vated glucose has been proposed to inhibit Na™, K*-ATPase activity by sequential acti-
vation of PKC and PLA2, thereby increasing the production of arachidonic acid and
PGE2 (145). These effects diametrically contrast to those of NO, which potently regu-
lates vascular Na*, K*-ATPase activity (24) and blood pressure (23), but appears less
critical in the direct maintenance of the nerve Na™, K*-ATPase activity (23) (specific
NO synthase inhibitor takes 3 mo to decrease nerve Na*, K*-ATPase activity) (23). In
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diabetes, disruption of prostanoid and NO metabolism may have synergistic effects on
decreasing nerve Na*t, K*-ATPase activity, via both direct metabolic and indirect vas-
cular (ischemic) mechanisms (Fig. 6).

The importance of impaired Na*, K*-ATPase activity in mediating the early
decrease in motor NCV in EDN is debated, as ouabain-sensitive Na*, K*-ATPase
activity is not detectably decreased before 4 wk of diabetes and some therapies correct
its activity without ameliorating MNCV slowing (138). This discordance may reflect
differences in fiber type and/or differences in a isoform of the Na®™, K*-ATPase (or
phosphorylation of its regulatory domain), which principally contribute to these mea-
surements. For example, MNCYV is determined by rapidly conducting large myelinated
fibers, in which significant concentrations of Na*, K*-ATPase enzyme may be limited
to the paranodal Schwann cell processes and the nodal axolemma (143,146). In these
fibers (and their Schwann cells) (146), the predominant isoform may be the o 1 (147),
which in rodents, is highly ouabain resistant (/47-149). In contrast, much of the mea-
sured composite ouabain-inhibitible Na*-K*-ATPase activity in whole sciatic nerve
may reside in the ouabain-sensitive a2 and a3 isoforms (/47,148) of the unmyelinated
nerve fibers (149) that contribute little to the measured MNCV. Alternatively, compos-
ite Na*, K*-ATPase correction may be necessary but not sufficient alone to correct
MNCYV slowing.

The Na*-K*-ATPase is a heterodimer comprised of an o (M, 112-kDa) subunit,
which contains the catalytic subunit and the ATP and ouabain-binding site (150,151),
and is the substrate for protein kinases (/52), and a « subunit (M, 35 kDa) that may be
important for membrane binding (/53). Three different isoforms of the o subunit have
been identified (a1, a2, a3) (148,154), with a1 predominating in peripheral nerve and
the Schwann cell (/48). In STZ-D, a marked and rapid insulin-sensitive reduction in
the a1 subunit has been demonstrated by Western analysis after 3 wk of diabetes (a
time point at which Na*, K*-ATPase activity is not typically changed) the reductions
of the other subunits being delayed (/47). PKC activation may itself have bidirectional,
tissue- and species-specific effects on Na*, K*-ATPase activity. A reduction in arachi-
donyl-containing DAGs and PKC activity has been demonstrated in diabetic rat sciatic
nerve (57,58) and exogenous PKC agonists correct impaired nerve ouabain-sensitive
energy metabolism and Na*, K*-ATPase activity in vitro (155). Moreover, PKC acti-
vation is without effect on the phosphorylation state of the a subunit in nerves from
non-diabetic rats (148), whereas in the STZ-D rat, increased o subunit32p labeling was
observed with PKC activation. This suggests that in this model, tonic endogenous PKC-
mediated Na*-K*-ATPase phosphorylation exists, which is diminished by diabetes.
However PKC activation has been associated with diminished Na*-K*-ATPase activ-
ity in peripheral nerve in the chronically diabetic mouse, which has low AR levels
(156). This may suggest that chronic stimulation of PKC could potentially lead to com-
pensatory up- or downregulation of its action in this animal model.

DISRUPTION OF VASOACTIVE
AGENTS AND NERVE ISCHEMIA IN DIABETES

Increasing evidence suggests that a reduction of nerve blood flow plays a central role
in the pathogenesis of diabetic neuropathy and that nerve ischemia may result from meta-
bolic disruption. Hemodynamic and oximetric measurements in anesthetized rats sug-
gest reduced endoneurial blood flow and oxygen tension in chronically diabetic rats
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(8,51), which may occur as early as 1 wk after the induction of diabetes (51) (although
this contention has been disputed) (157). In normal rat sciatic nerve, the nutritive compo-
nent has been reported to comprise 55% of resting flow, a proportion that is unaffected by
diabetes (32). In EDN, endoneurial nutritive flow has been reported to be reduced by
45%, and nonnutritive flow by 48% (32). A wide variety of vasoactive agents partially or
completely correct NCV slowing in diabetic rats including those with direct vasodilatory
actions such as the a-adrenergic-receptor inhibitor prazosin (52), angiotensin-converting
enzyme (ACE) inhibitors (158), prostaglandin analogs (24), NO donors (159), and those
with a more indirect vasodilatory action, i.e., ARIs (33), antioxidants (101,112-115),
acetyl L-carnitine (/38,160), and evening primrose oil (EPO) (161). Most of these
agents also have important metabolic effects in addition to the vasodilatory capacity, so
ascribing all of their therapeutic efficacy to a direct vascular action may be an over sim-
plification. Suggestive fragmentary clinical evidence in support of nerve hypoxia in the
development of DPN has been the finding of a reduction of endoneurial oxygen in the
sural nerves of diabetic patients with far advanced polyneuropathy (162), and the devel-
opment of some abnormalities of neural conduction in nondiabetic hypoxic patients with
chronic-obstructive airway disease (/63). Nondiabetic animals exposed to chronic
hypoxia show some impairment of NCV and resistance to ischemic conduction block,
abnormalities of which are reversible when the hypoxia is corrected (164). Finally, exper-
imentally induced reduction in caudal-nerve action potential in diabetic rats can be nor-
malized by hyperbaric oxygenation, but NCV does not improve (165). Thus, although
hypoxia may play a role in the development of diabetic neuropathy, it probably is not the
only factor. Indeed, unequivocal biochemical data supporting the presence of endoneur-
ial hypoxia in EDN has not yet emerged.

Recently, the importance of the anatomical arrangement of the nerve vasculature has
been highlighted in mediating both the diabetes-induced deficits of nerve blood flow as
well as the effects of vasoactive therapeutic interventions. The nerve vascular supply
comprises an intrinsic system consisting of microvessels that are situated longitudinally
within the fascicular endoneurium and an extrinsic system composed of the larger nutri-
tive arteries, arterioles, venules, and epineural vessels. The nerve has only a very lim-
ited capacity to autoregulate its vascular supply (/66): Perhaps only the epineural and
perineural vessels are capable of autoregulation. This means that alterations in system
pressure lead to passive fluctuations in perfusion in the nerve (166), so assessments of
nerve perfusion are best expressed as a “vascular conductance” that corrects for mean
blood pressure (158). Extensive anastomoses (both arteriovenous [AV] and arterioarte-
rial) are formed between the two systems by the epi- and perineural vessels, which
together with the low metabolic requirements of the nerve confer a resistance to
ischemic insults (167). Extensive perineurial AV anastomoses have recently been
demonstrated in neuropathic diabetic subjects and have lead to speculation regarding
the role of a “steal phenomenon” occurring in which the nutritive endoneurial capillary
flow is impaired by the high shunt flow (168). Conversely, whether this putatively
increased shunt flow is a result of chronic endoneurial ischemia/sclerosis is unknown.
Many successful therapeutic interventions have been shown to differentially regulate
endoneurial nutritive and/or AV shunt flow.

A lack of standardization of techniques for the assessment of nerve blood flow in
EDN may have contributed to the divergent interpretations of the direction of blood
flow change. For example, although a reduction in nerve blood flow in EDN is gener-
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ally demonstrated by techniques including laser Doppler flowmetry (161) and hydrogen
clearance (8), an increase in blood flow (or no change) has been reported using micros-
phere techniques (30). All the generally used methods have some limitations that appear
to adversely affect their utility. For example, laser flowmetry measures composite nerve
blood flow, and in general measurements made using this technique have correlated
well with hydrogen polarography techniques. A limitation of this technique, is however
its inability to distinguish nutritive (capillary) from nonnutritive (large vessel and anas-
tomotic) flow and its capacity to underestimate the former. As agents such as ARIs and
acetyl-L-carntine (in contrast to EPO and prostaglandins analogs) may selectively
increase endoneurial nutritive flow, without a measurable effect on large-vessel flow
(32,160), then these effects may not be detected using laser flowmetry. In common with
laser flowmetry, hydrogen-clearance techniques require that the nerve is surgically
exposed, a procedure that may alter resting nerve blood flow (169). Microsphere tech-
niques may be misleading because of increased trapping of microspheres in the diabetic
vasculature leading to overestimates of nerve blood flow in diabetes, although they
allow assessment of flow in unexposed nerve (170). Therefore, in general, disagreement
still exists over the best technique to use. The widely agreed success of vasodilatory
therapy in preventing or ameliorating nerve dysfunction in EDN (52,158,159), suggests
that whatever the direction of blood-flow change, an increase in flow is beneficial to
nerve function.

Altered Nitric Oxide Metabolism in Diabetic Neuropathy

The emergence of the endothelium-derived relaxing factor NO as a potent mediator
of vasodilatation, macrophage cytotoxicity, and neurotransmission (/7,18,171) and its
altered metabolism in diabetes (22,23,109-111), leads to the speculation that it may be
of critical importance to the pathogenesis of diabetic complications, including diabetic
neuropathy. NO synthase, the enzyme catalyzing the conversion of L-arginine to cit-
rulline and NO at the expense of NADPH (171) is critically situated in endothelial cells,
vascular smooth muscle cells, and sympathetic ganglia. NOS is constitutively expressed
in endothelial (eNOS) and neuronal (nNOS) cells at the mRNA and protein level, with
gene-product activity critically dependent on posttranslational modification by calcium-
calmodulin-dependent protein kinases and perhaps other kinases, including PKC
(17,171). Impaired synthesis of NO has been linked to polyol-pathway activation
through an NADPH-mediated mechanism (via the redox hypothesis), and alterations in
protein-kinase activation and calcium levels (via the osmotic hypothesis).

Metabolic competition for NADPH by AR and NOS has been proposed as a potential
mechanism leading to NO depletion (6,/72). Aldose-reductase-mediated consumption
of NADPH may not only directly impair the activity of NO synthetase activity, but may
also lead to increased levels of superoxide radicals (that may chemically quench NO)
(18) as NADPH is required for the production of reduced glutathione (7). The diabetic
endothelium is abnormally sensitive to damage mediated by both increased production
of superoxide radicals, and to the increased formation of AGEs by glucose (7) and fruc-
tose that may also quench NO. PKC may also regulate NOS by direct phosphorylation
(173). However, the effect of PKC on NOS is controversial, as PKC activation has
been reported to either increase (173) or decrease (174) NOS activity. Moreover, the
putatively cell-specific bidirectional effects of hyperglycemia on DAG levels and PKC
activation suggests that tissue-specific differences in these regulatory factors may deter-
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mine the predominant response of NOS to hyperglycemia. Deficiency of the NOS sub-
strate L-arginine in vivo appears not to be responsible for the reduced action of NO on
the vasa nervorum, as a 6 X increase in dietary L-arginine has been reported to have lit-
tle effect on NCV deficits in diabetic rats after 1 mo (/59). L-arginine transport also
does not appear to be impaired (175).

Support for metabolic competition between NOS and AR and/or AR-mediated
abnormalities in PKC is provided by the fact that ARIs not only restore osmolyte and
redox balance in the nerve (6) but also improve nerve blood flow (33). Aldose reductase
protein is found within the endoneurium as well as the perineurium (/33), and presum-
ably the sympathetic ganglia, which would thus make such metabolic interactions a pos-
sibility at any of these sites. In a 3-mo STZ-D rat model, ARI treatment has been
reported to normalize endothelium-dependent relaxation (172) and the specific NOS
inhibitor L-nitro-N-methyl arginine ester (L-NAME) was found to reverse the effects of
an ARI in acute EDN, despite the ability of the ARI to significantly decrease nerve sor-
bitol and increase nerve MI in the L-NAME treated rats (23). Despite becoming hyper-
tensive, L-NAME had little acute effect on motor NCV in untreated diabetic animals
(23) and short-term (3-wk) treatment of nondiabetic rats with L-NAME only insignifi-
cantly reduced NCV. In contrast to the vasculature, sciatic-nerve Na*, K*-ATPase
activity was not measurably affected by this period of NO inhibition, suggesting that
NO may not be the principal regulator of nerve Na*, K*-ATPase activity in the acute
rat model. However, 3-mo treatment did slow nerve conduction and reduce Na*-K™-
ATPase activity (23). These data support a role for NO in mediating, at least partially,
the beneficial effects of ARIs on nerve blood flow and nerve conduction in diabetic rats
and possibly also in the chronic maintenance of nerve Na*-K*-ATPase.

Stimulation of NO synthesis is thought to mediate the therapeutic effects of many
differing agents, including the ARIs (23), EPO (161), and acetyl L-carnitine (160), as
blockade of NO synthesis reverses many of their beneficial effects in EDN. Recently,
chronic treatment of diabetic rats for up to 2 mo with the nitrovasodilator isosorbide
dinitrate has been reported to prevent motor and sensory NCV deficits and correct
reduced nutritive endoneurial blood flow, although nerve Na*, K*-ATPase activity
was not measured (159). The failure of L-NAME to block the beneficial effects of 1%
dietary MI supplementation on NCV slowing despite the animals remaining hyperten-
sive (23), suggests that although MI may alter NO synthesis (59), its effects on NCV
slowing are mediated at least in part by other mechanisms.

In diabetes, NO deficiency may impair nerve blood flow from effects at sites within
the nerve vasculature or remote from it, in for example, the sympathetic ganglia. In
the endoneurial microvasculature, locally released NO together with locally derived
prostacyclins may modulate regional blood flow. In diabetes, deficiencies of these
vasodilatory agents may be compounded by elevated plasma levels of the immunoreac-
tive vasoconstrictor endothelin (20,21 ). Endothelium-dependent relaxation of smooth
muscle has been shown to be impaired in both human (176) and experimentally induced
diabetes (177). The mechanisms underlying this deficit are unclear but may involve
depletion of NO (172,177,178) or altered smooth-muscle sensitivity to NO (179).
Impaired endoneurial vasodilatory responses to acetyl choline (/77) but preserved
endothelial-independent vasodilatory responses to sodium nitroprusside, nitroglycerin,
and other agents that directly release NO, implicate a defect or defects in either
endoneurial NO synthesis or release as the cause of impaired vascular responses in dia-
betes. Impaired local synthesis of NO may alter basal vascular tone either by reduced
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Fig. 7. Model for glucose (Glu)-induced inhibition of ncNOS in postganglionic sympathetic or
myelinated peripheral somatic neurons resulting in slowing of nerve-conduction velocity (NCV) in
acute experimental diabetes. In both postganglionic sympathetic neurons (top) and in myelinated
peripheral somatic neurons (bottom) ncNOS is tonically regulated by PKC whose activity is altered
in diabetes. In postganglionic sympathetic neurons, NO inhibits presynaptic release of acetylcholine
(Ach) and decreases sympathetic tone. NO deficiency at this site may therefore lead to increased
vasoconstricting sympathetic tone and reduced nerve blood flow. In large myelinated somatic neu-
rons, NO regulates metabolic processes including Na*,K*-ATPase activity.

activation of soluble guanylate cyclase in vascular smooth muscle (/77) or by decreased
vascular Na*-K-ATPase (24) activity potentially resulting in decreased blood flow in
the endoneurium of peripheral nerves. Indeed it is apparent that the vascular Na*, K*-
ATPase is exquisitely sensitive to changes in NO levels, and NOS inhibition potently
decreases Na™, K*-ATPase activity that is associated with hypertension and enhanced
vascular reactivity.

Like the prostanoids, NO may play an important role as a neurotransmitter with both
central and peripheral effects (180). In the sympathetic autonomic nervous system, NO
may function as an inhibitory neurotransmitter, released by postsynaptic sympathetic
neurons and thereby inhibiting the presynaptic release of acetylcholine, reducing sym-
pathetic tone (23,59) (Fig. 7). Thus, redox perturbations, and alterations of signal-trans-
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duction pathways may impair nNOS activity in postsynaptic sympathetic neurons,
thereby increasing sympathetic vascular tone (6,59) (Fig. 7). Acute STZ-D is a state of
adrenergic hyperactivity (/81), which may be exacerbated by ganglionic NO defi-
ciency. This may explain the observation that inhibition of basal sympathetic vascular
tone by guanethidine, restores both nerve blood flow and nerve conduction to normal
levels in acute experimental diabetes (51).

Therefore, a decrease in the production of NO in diabetes resulting from sorbitol
pathway-related osmolyte depletion or redox imbalance could contribute to NCV slow-
ing by decreasing endoneurial blood flow. Alternatively, NO depletion may exert more
distal effects on nerve function independently of nerve blood flow via direct effects on
the nerve Na*-K*-ATPase activity.

Eicosanoids and Diabetic Neuropathy

Alterations in fatty-acid metabolism, including the well-described block in the con-
version of y-linoleic acid to a-linolenic acid (Fig. 8), have been invoked (182-184) in
the pathogenesis of diabetic neuropathy. Accumulation of long-chain fatty-acid esters
in the nerve may perturb cellular metabolism and membrane function potentially by
mechanism(s) involving alterations in nerve metabolites, PKC and/or Na*-K*-ATPase
activity (Fig. 6). Reduced nerve prostacyclin (secondary to decreased availability of
arachidonate (105) has been found in chronic (4-mo) experimental diabetes and
prostaglandin E1-analog administration has been shown to restore NCV to normal in



Chapter 2 / Pathogenesis of Diabetic Neuropathy 31

diabetic rats (185). Depletion of PGE] in diabetes (/82), which is synthesized by both
COX-dependent and COX-independent (/83,184) mechanisms (Fig. 8) could have crit-
ical effects on nerve function. It has direct effects on nerve blood flow (185), nerve
energy utilization, intracellular calcium mobilization, PKC activity (183,186), and
blockade of its synthesis is associated with a reduction in the nerve action-potential
amplitude (187). Nerve cAMP levels are reduced in EDN (/88) and nerve prostacyclin
levels, cCAMP (188), and Na*-K*-ATPase activity (185) correlate with each other and
are corrected by prostaglandin E1 administration. Since prostacyclin levels are typically
not depleted early in EDN (/05), they probably do not precipitate the early decrease in
endoneurial blood flow that is observed. However, alterations in the metabolism of
COX products probably cannot account for all the acute manifestations of EDN. For
example, potent COX inhibition alone does not reproduce the degree of NCV slowing
observed in the untreated STZ-D rat, as simultaneous NOS blockade is also required to
achieve this (/89). Although COX inhibition results in a significant reduction in
endoneurial capillary density (190), COX products appear to also regulate nonnutritive
flow such as that in the AV shunts (/89). COX inhibition with flurbiprofen in STZ-D
rats has been reported to increase the total percentage of nutritive nerve blood flow, but
decrease composite flow, a finding consistent with nutritive capillary flow diversion
secondary to closure of AV shunts (189). An alternative explanation is that COX
inhibition may enhance arachidonic acid flux through the lipoxygenase pathway and
augment vasoactive leukotriene production and thereby produce collateral vessel vaso-
constriction (191) (Fig. 8).

The possible interactions between polyol-pathway activity, nerve-osmolyte composi-
tion, and redox balance and the secondary effects of these disturbances on prostanoid
metabolism are potentially complex. Arachidonic acid, which can become rate-limiting
for eicosanoid metabolism, is released from membrane phosphoinositides and is depen-
dent upon cytoplasmic redox for synthesis and metabolism. Altered prostaglandin pro-
duction and hypersensitivity in diabetes may predispose to either tissue hyperemia or
ischemia depending upon the balance between vasoconstrictive or vasodilatory
eicosanoids.

In diabetes, alterations in prostanoid metabolism may decrease nerve blood flow sec-
ondarily to effects on neurotransmission at the sympathetic ganglia or from local effects
within the endoneurial vasculature. Eicosanoids appear to modulate autonomic tone as
both PGE1 and PGE2 inhibit sympathetic neurotransmission, mainly by reducing the
release of norepinephrine from adrenergic nerve terminals (192,193). This may in part be
modulated by regulation of neuronal Na*, K*-ATPase, as decreased activity increases
norepinephrine overflow. Disinhibition of sympathetic neurotransmission would act in
concert with NO depletion and lead to augmentation of vasoconstricting sympathetic
tone. Within the endoneurial vasculature, microvascular tone is dependent on the oppos-
ing actions of prostacyclin, which is located within the endothelial cells, which together
with NO elicits vasodilatation, and thromboxane A,, which is found mainly in blood
platelets but also in endothelium and produces vasoconstriction (194) (Fig. 8). Increases
in vasoconstricting PGH2 (195), (TX) A, (194), PGF2a, and reduction in vasodilating
prostacyclin have been described in isolated diabetic vascular tissue (196). An increase
in the thromboxane:prostacyclin ratio (1/8) may contribute to a reduction of blood flow
and possibly Na™-K"-ATPase activity in diabetic nerve. Ischemia in the nerve may acti-
vate phospholipase A, (197), which will disrupt membrane phospholipids and generate
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prostaglandins from activated arachidonic acid (198) (Fig. 8). A hypoxic insult may also
be one of the triggers for the production of the superoxide radical via the breakdown of
ATP and the generation of reducing equivalents such as NADPH in the xanthine—xan-
thine oxidase reaction (1/05). The generation of lipid hydroperoxides by the action of free
radicals may result in increased COX activity and a reduction in prostacyclin synthase
activity, thus increasing the thromboxane:prostacyclin ratio with resultant vasoconstric-
tion and platelet aggregation. Phospholipase activation may also generate leukotrienes,
which may further compound the damage to the endothelial cell and are important
regulators of AV shunt flow (191). However, eicosanoids may also serve to limit the
detrimental effects of ischemia by inhibiting superoxide anion production (199). Thus,
disruption of eicosanoid metabolism may lead to nerve blood flow deficits in diabetes by
a complex array of mechanisms.

Correction of defects in eicosanoid metabolism may be the final common pathway by
which a number of seemingly diverse therapeutic interventions correct nerve blood flow
deficits, Na*-K*-ATPase activity and NCV slowing. Dietary MI supplementation and
gamma-linolenic acid (GLA, from evening primrose oil) (49,136,200), may be working
at least partly by increasing eicosanoid production as both may increase arachidonic
acid and their effects on nerve function can be blocked by COX inhibition (Stevens,
unpublished observations refs. /89,/190). A major component of the beneficial effects of
ARIs may also be mediated by COX products, as decreased cAMP levels in STZ-D rat
nerves are corrected by AR inhibition (/44) and the beneficial effects of ARIs on
MNCYV slowing are also blocked by flurbiprofen (189). Therefore, it seems likely that
many therapeutic agents act through a variety of different interdependent pathways
involving both the eicosanoids and NO. Recently, a functional synergism between sub-
therapeutic doses of different metabolic agents on nerve function has been demon-
strated in the STZ-D rat model (189), suggesting that even partial correction of deficits
in some metabolic pathways may minimize deficits in others.

DISRUPTION OF GROWTH FACTORS

Increasingly, alterations in the metabolism of nerve growth factors are implicated in
the pathogenesis of both DPN as well as autonomic neuropathy. Growth factors can
rescue the nervous system from damage (20/,202). The prototypic and perhaps best-
studied neurotrophic agent is nerve growth factor (NGF) (203). Targets of innervation
regulate the final density of innervating neurons through the production of trophic fac-
tors that are required for neuronal survival. Nerve growth factor protein is found in
target organs of sympathetic and neural-crest-derived dorsal-root ganglion sensory neu-
rons in which levels of NGF mRNA parallel the density of innervation (203). In the rat
heart for example, high levels of NGF mRNA and protein are found in the densely
innervated atria, but not in the more sparsely innervated ventricles, although regional
ventricular differences have not been reported (204).

During embryogenesis 50-70% of dorsal root ganglion neurons (mostly comprising
nociceptive C-fibers with small cell bodies and unmyelinated axons) (205) are respon-
sive to NGF. In the last 5 yr, the neurotrophin family (206,207) has been expanded to
include three additional neurotrophic factors, namely brain-derived neurotrophin factor
(BDNF), neurotrophin-3 (NT-3), and neurotrophin-4/5 (NT-4/5), which have approxi-
mately 50% amino acid sequence homology (206). These neurotrophins bind to a fam-
ily of tyrosine kinase receptors called Trk (trophomyson-related kinase) (207), whose
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altered expression represents another possible means by which diabetes could impair
neurotrophism. NGF binds to the high-affinity receptor Trk A, Trk B serves as the
receptor for both BNDF and NT-4/5 and Trk C binds NT-3. There is documented
“promiscuity” in the neurotrophin family in that factors can bind and activate more than
one receptor, especially NT-3 (208). In addition to the Trk receptors, a “low” affinity
receptor for all the neurotrophins exists, termed p75, which is also the most abundant
receptor (209). The low-affinity receptor p75 receptor may modulate NGF sensitivity
(209,210) and determine the survival requirement of mature sympathetic neurons to
NGF (211). p75 is upregulated by NGF (212), axonal injury (2/3), and collateral
sprouting (2/4), and is expressed in target fields during their innervation (215) suggest-
ing that it may present neurotrophins to high-affinity receptors on the growing axons
(209). It may interact with TrkA to form the high-affinity receptor (209). Schwann cells
express NGF receptors during normal development with a dramatic decline in receptor
number (25-fold) upon peripheral nervous system maturation (216). The effects of dia-
betes and denervation on p75 gene expression are unknown. Trk B and C exist in trun-
cated forms, devoid of the active kinase domain.

Like NGF, retrograde transport of neurotrophins from target organs to neuronal cell
bodies is required for normal growth, maintenance, and regeneration of the peripheral
nervous system, although an additional local action of NGF has been proposed (2/7). In
general, dorsal root ganglion neurons and primary sensory neurons derived from neural
crest are responsive to NGF, BDNF, and NT-3. In contrast, however, cranial-nerve sen-
sory ganglia respond to BDNF or NT-3, but not NGF. During chick development,
approx 50% of the dorsal root ganglion neurons are NGF responsive, whereas 30—-40%
require BDNF. NT-3 promotes the survival of muscle afferents and may primarily sup-
port proprioceptive neurons. NT-3 may also regulate the survival of sympathetic gan-
glion neuronal precursors that transiently express TrkC (218,219). Recently, the roles of
neurotrophins have been explored using knockout mice models. Deletion of the high-
affinity NGF receptor TrkA in mice results in extensive loss of sympathetic ganglionic
neurons and small neural crest-derived sensory neurons (nocioceptive C neurons)
(220,221). NT-3 knockout animals are deficient in both type 1a sensory afferents and
muscle spindles, whereas BDNF and NT-4/5 null mutants lack neural placode-derived
sensory cranial ganglia (221).

Increasingly, it is evident that the role of target-derived neurotrophins changes during
development. In the embryo, for example, neurotrophins are required for neuron sur-
vival, whereas in the adult they define the neuronal phenotype and promote local regen-
eration (206). An important function of the neurotrophins is to regulate the expression
of phenotypic neuropeptides including substance P and calcitonin gene-related peptide
(CGRP) in adult dorsal root ganglion neurons. After nerve injury in the adult, they pro-
mote local neurite sprouting and regeneration (222). Thus blunting of these neu-
rotrophic responses may contribute to the pathogenesis of nervous system diseases
(223). This may be especially true of diabetic neuropathy, in which persistent hyper-
glycemia may decrease neurotrophin synthesis by target organs or supporting cells, dis-
rupt retrograde transport of neurotrophins to the neuronal cell body, alter neurotrophin
signaling at the level of Trk receptors or at more downstream signaling cascades, or pro-
mote neuronal cell death (224,225).

NGF remains the best studied of the neurotrophins and alterations of its actions in
diabetes may be particularly important in small nerve fiber damage and autonomic dys-
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function. Produced by target cells of sympathetic and neural-crest-derived sensory neu-
rons, retrograde axonal transport is an important modulator of target-tissue NGF as, for
example, total sympathetic denervation in adult rats produces high NGF protein levels
in the heart (226,227), without affecting tissue mRNA levels (227,228). Retrograde
transport of NGF from target organs to neuronal cell bodies is required for normal
growth, maintenance, and regeneration of the peripheral nervous system. Loss of NGF
leads to neuronal dysfunction and/or death depending on the developmental stage of the
animal (229). Ganglionic NGF is required for signal transduction, neurotransmitter syn-
thesis, protein phosphorylation, methylation, and gene expression of ras-like proteins in
sympathetic and sensory neurons (229). Systemic administration of NGF to neonatal
rats, promotes growth and sprouting of sympathetic neurons (223). NGF increases its
own neuronal receptor mRNA levels in a coordinated program of induced gene expres-
sion that includes upregulation of tyrosine hydroxylase (TH) mRNA and Ta1 a-tubulin
mRNA in sympathetic neurons (222,230). Tal a-tubulin mRNA increases after axo-
tomy of sympathetic neurons (230) and decreases as reinnervation is achieved (231).
However, in the absence of successful reinnervation it remains elevated (230). In adult
rat sciatic nerve, NGF production is low as long as axonal contact is maintained
(231,232). With nerve transection, Schwann cells distal to the cut, including those
ensheathing motor axons, dramatically increase their production of NGF (233) and
NGF receptors (234), which reach maximal levels at 5-7 d. Transection of selective
ventral roots entering the sciatic nerve results in increased NGF-receptor expression by
Schwann cells associated with degenerating motor neurons alone, but not intact sensory
neurons (235). In patients with diabetic neuropathy (236), however, there is no change
in p75 NGF-receptor expression in sural nerve biopsy specimens.

Evidence suggests that altered NGF metabolism may play a role in the pathogenesis
of diabetic neuropathy. In diabetes, even small changes in endogenous NGF levels may
be of pathophysiological significance as NGF-sensitive neurons are normally NGF
starved as endogenous NGF levels are limited (237) and their NGF receptors are unsat-
urated (238). Indeed, in diabetic autonomic neuropathy subjects, serum NGF levels are
reduced (239) and it has been suggested that NGF autoantibodies may play a role in the
development of autonomic neuropathy (240). Decreased skin-axon reflexes, mediated
by small sensory fibers, correlate with loss of NGF expression in keratinocytes in
patients with early diabetic neuropathy (241,242). Endogenous NGF levels are reduced
in some sympathetically innervated target organs of diabetic rodents (237) including the
sciatic nerve (237) and submandibular glands (the latter decreasing NGF in the superior
cervical ganglion) (243,244). However, in some target tissues, including the atria and
ventricles, NGF content increases after the induction of diabetes, which may reflect
impaired axonal transport or possibly increased regional synthesis (237,245,246). NGF
binds selectively to the terminal portions of sympathetic and neural crest-derived sen-
sory neurons, and, after internalization, is transported by retrograde axonal flow to the
cell bodies, a process that is altered in ST2-D rats (245,246). During experimentally
induced diabetes, retrograde axonal transport of NGF along the mesenteric nerves (that
supply the alimentary tract) to the superior mesenteric ganglion is reduced by approx
half (246) and these nerves can develop a distal diabetic axonopathy. In a similar fash-
ion, NGF transport is decreased in diabetic somatic sensory neurons (247). Alterations
in NGF transport are only a part of a more widespread transport dysfunction in diabetes
that includes proteins, glycoproteins, and neurotransmitters (246). Thus impaired
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axonal transport, particularly the retrograde flow of neurotrophins, may play a role in
the pathogenesis of diabetic neuropathy.

Limited evidence suggests that NGF treatment may be effective in the management
of sensory neuropathies. In experimental diabetes, NGF treatment protects against the
development of diabetic sensory neuropathy (248,249) and ameliorates diabetes-
induced decreases in neuropeptide levels in vivo (250) and in vitro (251). NGF-treated
diabetic rodents retain the ability to respond to noxious thermal stimuli and express nor-
mal neuropeptide levels (249). Treatment with 4-methylcatechol, which stimulates
endogenous NGF synthesis, also ameliorates neuropathy in streptozocin-treated rodents
(252). A preliminary clinical trial in man suggests that NGF may be effective in the
treatment of diabetic neuropathy although its use it limited by side effects (205).

When compared to NGF, much less is known about the expression of the other neu-
rotrophin family members in the diabetic state. A recent study has reported a 30-50%
decrease in NT-3 and NT-4/5 gene expression in nerves from rodents with experimental
diabetes, whereas BDNF was undetectable (253). Levels of NT-3 are decreased in the
leg muscles from diabetic rodents and its administration is reported to increase the NCV
of sensory nerves (254). Therefore evidence is accumulating of a broad alteration of
neurotrophin metabolism in diabetes, which may contribute to the development of dia-
betic neuropathy.

Another family of growth factors, thought to be important in the pathogenesis and
potentially the treatment of diabetic neuropathy (255) are the insulin-like growth factors
(IGFs). IGF-I and IGF-II are polypeptides essential for normal fetal, neonatal, and
pubertal growth (256). IGFs are abundant during fetal development (257), but postnatal
IGF expression rapidly decreases (258). In adult rats, the brain and spinal cord contain
the highest concentrations of IGF-II mRNAs (259). Gial, but not neuronal cells express
IGF-I mRNAs (260), unlike IGF I, which is expressed by both (260). Both IGF I and II
increase the number of cells with neurites and the length of neurites in cultured human
neuroblastoma cells (267) and cultured spinal-cord motor neurons (262) as well as act
as mitogens for the former. IGF receptors are found on the shafts and terminals of axons
(262,263). Six IGFBPs regulate the action of the IGFs (264,265) and serve as possible
targets for disruption by diabetes. IGFBP II preferentially binds IGF-II and is the pre-
dominant IGFBP in the CNS and CSF (266). IGFBP3, which binds both IGF-I and II is
the principal form found in the circulation (267). Sites of production of IGFBPs include
the neurons and glia (265,268).

IGFs share many important neurotrophic properties with NGF. IGFs have neu-
rotrophic actions in sensory (267), sympathetic (267,269), and motor neurons (267), all
of which are affected by diabetes (270). IGFs are presently the only known neurotrophic
factors, found in nerve and muscle, capable of supporting both sensory- and motor-
nerve regeneration in adult animals (270,271 ). Local production of IGFs and their bind-
ing proteins may stimulate nerve-fiber regeneration. IGF-I and II mRNAs are increased
in denervated nerve (272), peaking 6 d after crush, and are downregulated after the
axons have regenerated (272). In situ hybridization demonstrates that IGF mRNAs are
increased in the nerve distal but not proximal to the crush or in the ganglia (273). Neu-
rons may have a trophic-factor requirement that is directly proportional to the length of
their axons (267). Local infusion of IGF-I increases the distance of regeneration of
sensory axons in lesioned rat sciatic nerve (274) and IGF-II stimulates motor-axon
regeneration in crushed sciatic nerve (275) and increases the rate of sensory axon regen-



36 Stevens et al

eration (276), which can be decreased by anti-IGF antiserum, implicating a role for
endogenous IGF in spontaneous regeneration. Local production of IGF is probably
important in stimulating regeneration as IGFBPs would tend to block more distant
effects (267).

IGF expression and/or action appears to be altered in diabetes in both rodents and
humans. For example, Schwann cells from genetically diabetic rodents express lowered
amounts of IGF-I, IGF-IR, and NGF (277). In streptozotocin-treated rats, there is a
decrease in serum IGF-I levels (277-279) and a reduction in IGF-I mRNA in sciatic
nerve, liver, kidney, lung, and heart (277,280-283). Treatment of ST2-D rats with IGF-
I protects against the development of diabetic neuropathy and restores normal nerve
function (224,270). Studies in humans are currently planned to explore the utility of
IGF-I as a treatment for diabetic peripheral neuropathy. Since successful axonal main-
tenance, regeneration, and reformation of axon-Schwann cell contacts is likely depen-
dent on local synthesis of growth factors and growth-factor receptors, disruption of
these processes in diabetes is becoming a key research area in the search for a treatment
in humans.

SUMMARY

In summary, diabetic neuropathy is a result of complex yet interdependent deficits at
the molecular, biochemical, and microvascular level, reflecting the detrimental effects
of persistent hyperglycemia. Many of these deficits appear related to activation of the
AR pathway that may result in altered metabolism of intracellular nonionic osmolytes
and adenine-nucleotide-linked chemical reactions. These proceed to involve cellular
fuel metabolism, redox potential, signal transduction, and neurotrophism in a profound
way. Since complication-prone diabetic tissues are necessarily complex and heteroge-
neous, the effects of hyperglycemia most likely vary from cell to cell, and differentially
effect different vascular beds in complex and diverse ways. Critically, the consequences
of these diverse and tissue-specific molecular, metabolic, and physiological perturba-
tions are just beginning to be understood and appreciated. The interdependence of many
pathogenetic pathways factors suggests that selective intervention aimed at a key early
defect may be therapeutically beneficial. Indeed, recent clinical trials with potent
inhibitors of the initial inciting event, metabolism of glucose through AR, in concert
with tight glycemic control appear to offer the best opportunity to treat or possibly pre-
vent the diabetic neuropathy.
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INTRODUCTION

Diabetic polyneuropathy is one of the most common complications of the diabetic
state. There are now a number of both clinic-(/,2) and population-based studies (3,4)
that have surprisingly similar prevalence rates for diabetic polyneuropathy, affecting
approximately 30% of all diabetic people. The EURODIAB IDDM Complications
Study, which involved the examination of 3250 type I patients, from 16 European coun-
tries, found a prevalence rate of 28% for diabetic peripheral neuropathy (/). The study
reported significant correlations with age, duration of diabetes, quality of metabolic
control, height, the presence of background and proliferative retinopathy, microalbu-
minuria, severe ketoacidosis, elevated diastolic blood pressure, and other cardiovascu-
lar risk factors. Other recent population-based studies also report similar prevalence
rates of neuropathy in type II diabetic patients (4). Well-established correlates of dia-
betic neuropathy include increasing age, increasing duration of diabetes, poor glycemic
control, retinopathy, and albuminuria (). Less well-established correlates of diabetic
neuropathy include increasing height, hypertension, and cardiovascular risk factors
(1,4). The differing clinical presentations of the several neuropathic syndromes in dia-
betes suggest varied etiological factors.

The clinical consequences of diabetic neuropathy are also varied. Some may have
minor complaints such as tingling in one or two toes; others may be affected with the
devastating complications such as “the numb diabetic foot,” or severe painful neuro-
pathy that does not respond to drug therapy. Moreover, diabetic neuropathy is a
major contributor to male impotence and other autonomic symptoms that are thankfully
rare (5,6).
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Table 1
The Varied Presentations of the Neuropathic
Syndromes Associated with Diabetes (J] D Ward)

Chronic insidious sensory neuropathy
Acute painful neuropathy

Proximal motor neuropathy

Diffuse symmetrical motor neuropathy
The neuropathic foot

Pressure neuropathy

Focal vascular neuropathy

Neuropathy present at diagnosis
Treatment induced neuropathy
Hypoglycemic neuropathy

Diabetic peripheral neuropathy presents in a similar way to neuropathies of other
causes, and thus the physician needs to carefully exclude other common causes before
attributing the neuropathy to diabetes. Absence of other complications of diabetes, rapid
weight loss, excessive alcohol intake, and other atypical features in either the history or
clinical examination should alert the physician to search for other causes of neuropathy.

CLINICAL CLASSIFICATION OF DIABETIC NEUROPATHIES

Although clinical classification of the various syndromes of diabetic neuropathies are
often difficult because of the very considerable overlap in the mixture of clinical fea-
tures, attempts at classification stimulate thought as to the etiology of the various syn-
dromes and also assist in the planning of management strategy for the patient. Watkins
and Edmonds (7) have recently suggested a classification for diabetic neuropathies that
clearly separates them into three distinct groups. These include:

1. Progressive neuropathies that are associated with increasing duration of diabetes and
with other diabetic complications. These are predominantly sensory, and autonomic
involvement is common. The onset is gradual and there is no recovery.

2. Reversible neuropathies that have rapid onset, often occurring at the presentation of dia-
betes itself, and which are not related to diabetes duration or other complications of dia-
betes. There is spontaneous recovery of these acute neuropathies.

3. Pressure palsies that occur more frequently in the diabetic state, but are not specific to
diabetes only. There is no association with duration of diabetes or other complications of
diabetes.

An alternative way of classifying diabetic neuropathies takes into account the various
distinct clinical presentations to the physician. One such classification proposed by
Ward (5) is depicted in Table 1. This practical approach to the classification of diabetic
neuropathies is useful in characterizing the various syndromes and hence enabling the
clinician to have workable, crude definitions, and in planning treatment.

Low and Suarez (8) have recently suggested a modified form of classification of the
diabetic neuropathies originally proposed by Bruyn and Garland (9). This classification
principally considers whether the presentation was symmetrical or asymmetrical as
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Table 2
Classification of Diabetic Neuropathy

Symmetrical neuropathies
Distal sensory and sensorimotor neuropathy
Large-fiber type of diabetic neuropathy
Small-fiber type of diabetic neuropathy
Distal small-fiber neuropathy
Insulin neuropathy
. Chronic inflammatory demyelinating polyradiculoneuropathy (CIDP)
symmetrlcal neuropathies
. Mononeuropathy
. Mononeuropathy multiplex
. Radiculopathies
. Lumbar plexopathy or radiculoplexopathy
. Chronic inflammatory demyelinating polyradiculoneuropathy

DAL=

Adapted from Low and Suarez (8).

shown in Table 2. It is important to appreciate that the separation into symmetrical and
asymmetrical neuropathies, although useful in identifying distinct entities, is an over-
simplification of the truth as there is a great overlapping of the syndromes.

SYMMETRICAL NEUROPATHIES

Chronic Distal Symmetrical Neuropathy

This is the most common neuropathic syndrome. It is a diffuse symmetrical disorder,
affecting principally the feet in a stocking distribution, involvement of the hands in a
glove pattern being rare. There is a length-related pattern of sensory loss, with sensory
symptoms starting in the toes and then extending to involve the feet and legs. When
there is upper-limb involvement, there is a similar progression proximally starting in the
fingers. There is a close association with autonomic neuropathy, which is often subclin-
ical and can only be detected by autonomic function tests. As the disease advances, it
becomes a sensorimotor neuropathy; however, significant motor involvement is rare in
most cases, early in the course of the disease.

Symptoms

The patient describes a progressive build-up of unpleasant sensory symptoms includ-
ing tingling (parasthesia); burning pain; shooting pains down the legs; lancinating
pains; contact pain often with daytime clothes and bedclothes (allodynia); pain on walk-
ing often described as “walking barefoot on marbles,” or “walking barefoot on hot
sand,” sensations of heat or cold in the feet; persistent achy feeling in the feet; cramp-
like sensations in the legs; and various grades of numbness in the feet. The feet and legs
are principally affected with these symptoms, similar symptoms being rare in the upper
limbs. This has prompted a speculation that the standing position, with all its effects on
the peripheral vascular system, may have an etiological role in the development of
peripheral neuropathy (10). Alternatively, some have suggested that the longer nerve
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fibers may be affected, resulting in distal neuropathy, particularly as epidemiological
studies have recently shown the association between height and prevalence of diabetic
neuropathy (1,/1). This suggests a distal axonopathy of the “dying-back” type in which
neurons with the longest axons are unable to support the more distal parts, possibly
because of impairment of axonal transport.

Autonomic symptoms are rare, but subclinical autonomic neuropathy is commonly
found in patients with chronic distal symmetrical neuropathy (12). Depressive symp-
toms are also not uncommon, particularly in those who have painful neuropathy that is
complicated with loss of sleep, unemployment, and limitation in exercise tolerance
(13-15). Diabetic neuropathic pain is characteristically more severe at night, and often
prevents sleep (14,15). Occasionally, severe pain can extend above the feet and may
involve the whole of the legs, and when this is the case there is upper-limb involvement
also. The presence of neuropathic pain is usually unrelated to the severity of nerve dys-
function or pathology (16). Despite pain being the prominent feature in these subjects,
however recent sural nerve biopsy studies have shown axonal degeneration affecting
fibers of all sizes (16). Assessment of severity of neuropathic symptoms is discussed in
Chapter 9.

Some patients may never have had any symptoms at all, and their first presentation
may be with a foot ulcer (/7). Moreover, in some patients with painful neuropathy, pro-
gressive degeneration of nerve fibers may lead to foot numbness, the so called “painful,
painless” leg (18). The numb foot is at risk of developing mechanical and thermal
injuries, and patients must therefore be warned about these (17,18). With severe large-
fiber involvement, patients may have unsteadiness on walking because of sensory ataxia.

Signs

On clinical examination, the most common presenting abnormality is a reduction or
absence of vibration sense in the toes. As the disease progresses there is sensory loss in
a “stocking” and sometimes in a “glove” distribution involving all modalities. When
there is severe sensory loss, proprioception may also be impaired, so as to cause positive
Romberg’s sign. Tendon reflexes at the level of the ankle and occasionally in the knees
are usually reduced or absent. Muscle strength is usually normal, although mild weak-
ness may be found in toe extensors. With progressive disease, there is significant gen-
eralized muscular wasting, particularly in the small muscles of the hands and feet,
occasionally leading to clawing. This leads to elevated pressure points at the metatarsal
heads that are prone to callus formation and recurrent foot ulceration (17).

Upper-limb involvement is uncommon, and occurs usually in patients with advanced
disease in the feet and legs. The fine movements of fingers would then be affected, and
there is difficulty in handling small objects. However, wasting of dorsal interossei is
usually caused by entrapment of the ulnar nerve at the elbow. Entrapment of the median
nerve causing carpel tunnel syndrome is more commonly found in diabetes than in the
general population, and results in a reduction of the muscle bulk in the thenar eminence.

Bedside cardiovascular autonomic function tests (changes in blood pressure and
heart rate from the lying position to standing), are frequently abnormal in patients with
peripheral neuropathy. Autonomic neuropathy affecting the feet can also cause a reduc-
tion in sweating and consequently dry skin that is likely to crack easily, predisposing the
patient to the risk of infection (/7). The purely neuropathic foot is also warm because of
arterio/venous shunting (/9), which causes the distension of foot veins that fail to col-
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lapse even when the foot is elevated. The oxygen tension of the blood in these veins is
typically raised (20). The increasing blood flow brought about by autonomic neuro-
pathy can sometimes result in neuropathic edema, which is resistant to treatment
with diuretics.

With severe peripheral neuropathy, there could be complete anesthesia below the
knees, with marked loss of proprioception. Tendon reflexes are usually absent. The
patient is disabled with marked unsteadiness on walking, because of sensory ataxia.
This is more evident in the dark or with the eyes closed (positive Romberg’s test). Mea-
surement of body sway has shown posture instability that correlates with the severity of
neuropathy (21). There may rarely be an associated bilateral foot drop, and the patient is
disabled with marked unsteadiness on walking and adopts a typical stamping gait.

The more serious consequence of advanced diabetic peripheral neuropathy is the
development of diabetic foot ulceration and deformities (clawing of feet with high arch
as a consequence of wasting of the small muscles of the feet, which leads to prominent
metatarsal heads). Rarely, patients with long-standing diabetes with both somatic and
autonomic neuropathy, may develop Charcot arthropathy. The feet should therefore be
carefully examined for the presence of neuropathic foot ulcers that are usually located
over the metatarsal heads but are also commonly encountered over the toes (occasion-
ally hidden between toes) and sometimes over the heels or the malleoli. Neuropathy
causing loss of pain and temperature sensation coupled with elevated pressure points is
the usual initiating factor for diabetic foot ulceration. Other contributing factors include
limited joint mobility, autonomic neuropathy (skin dryness and fissuring caused by
anhidrosis; arteriovenous shunting causing impaired nutritive capillary blood flow), and
peripheral vascular disease.

Small-Fiber Neuropathy

Some authorities have advocated the existence of small-fiber neuropathy as a distinct
entity (22). A prominent feature of this syndrome is neuropathic pain that may be dis-
abling, even though physical signs of neurological damage are relatively not severe.
Occasionally patients with small-fiber neuropathy also have foot ulceration, and not all
patients also have pain. The syndrome tends to develop within a few years of diabetes as
a relatively early complication.

The pain is described as burning, deep, and aching. The sensation of pins and needles
(parasthesia) is also often experienced. Contact hypersensitivity may be present. On
clinical examination there is little evidence of objective signs of nerve damage, apart
from a reduction in pinprick and temperature sensation, which are reduced in a “stock-
ing” and “glove” distribution. There is relative sparing of vibration and position sense
(because of relative sparing of the large diameter A (3 fibers). Muscle strength is usually
normal and reflexes are also usually normal. Autonomic function tests are frequently
abnormal and affected male patients usually have erectile dysfunction.

Electrophysiological tests support small-fiber dysfunction. Sural sensory conduction
velocity may be normal, although the amplitude may be reduced. Motor nerves appear
to be less affected. Controversy still exists as to whether small-fiber neuropathy 1s a dis-
tinct entity or an earlier manifestation of chronic sensory motor neuropathy (22-24).
Said et al.’s (22) morphometric study reported that there is small-fiber degeneration ini-
tially. Veves et al. (25) found a varying degree of early small-fiber involvement in all
diabetic polyneuropathies that was confirmed by detailed sensory and autonomic func-
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tion tests. If this is the case, the syndrome of small-fiber neuropathy may simply repre-
sent an early process that is not detected unless pain is a prominent feature.

Natural History of Chronic Distal Symmetrical Neuropathy

The natural history of chronic distal symmetrical neuropathy is still poorly under-
stood (26). This is to a large extent the result of inadequate knowledge regarding the
etiopathogenesis of distal symmetrical neuropathy although several different mecha-
nisms have been suggested (6,27-29). Boulton et al. (30) reported that neuropathic
symptoms remain or get worse over a 5-yr period in patients with chronic distal sym-
metrical neuropathy. In contrast, a more recent study reported improvements in painful
symptoms over 3.5 yr (31). In this study, 50 diabetic patients with chronic painful sen-
sory motor neuropathy were studied prospectively to clarify the natural history of dia-
betic peripheral neuropathy, in particular the role of small-fiber damage. Neuropathic
pain was assessed using a visual analog scale, and small-fiber function by thermal
limen, heat pain threshold, and weighted pinprick threshold. At follow-up 3.5 yr later
one third of the patients had died or were lost to follow-up. Despite this major draw-
back, there was symptomatic improvement in painful neuropathy in the majority of the
remaining patients. Despite this symptomatic improvement, small-fiber function as
measured by the above tests deteriorated significantly. The study concluded that
although neuropathic pain tends to improve with time, and may resolve completely,
small-fiber function continues to deteriorate, indicating that the above neurophysiologi-
cal measures do not predict the evolution of painful neuropathic symptoms.

In the natural history of chronic distal symmetrical neuropathy, controversy still
exists as to what sensory modality or modalities are affected initially. Zeigler et al. (32)
performed detailed neurophysiological tests including thermal discrimination thresh-
olds, pain perception thresholds to heat and cold stimuli, vibration perception thresh-
olds, and nerve conduction studies on 30 asymptomatic patients with type I diabetes of
long duration, and an age-matched group of 30 type I patients with painful neuropathy.
The study found that in the diabetic group as a whole, the most frequent abnormality
was an elevated threshold for thermal sensation in the feet (32). Not surprisingly, nerve
dysfunction was more severe in the lower limbs, particularly when painful symptoms
had developed.

There is also a great deal of controversy as to whether the clinical features, neuro-
physiological parameters, and morphometric findings are distinctly different in subjects
with painful and painless diabetic neuropathy associated with foot ulceration. Young et
al. (33) found that electrophysiological tests were appreciably worse in patients with
foot ulceration than in patients with painful neuropathy, whereas patients with painful
neuropathy had a higher ratio of autonomic (small-fiber) abnormality to electrophysio-
logic (large-fiber) abnormality. They concluded that in chronic distal symmetrical neu-
ropathy, the relationship between large-fiber and small-fiber damage is not uniform,
and that there may be different etiological influences on large- and small-fiber neuropa-
thy in diabetic subjects, with the predominant type of fiber damage determining the
form of the presenting clinical syndrome (33). Support for this assertion is provided by
the study of Tsigos et al. (34), who also suggested that painful and painless neuropathies
represent two distinct clinical entities with little overlap. In contrast, Veves et al. (35)
found that painful symptoms were frequent in diabetic neuropathy, irrespective of the
presence or absence of foot ulceration, and that these symptoms can occur at any stage
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of the disease. This study concluded that there is a spectrum of neuropathic syndromes
from the painful to the patients with foot ulceration, and that much overlap exists (35).
In the authors’ experience, painful symptoms are often similarly present in patients with
and without foot ulceration, suggesting that painless and painful neuropathy represent
extreme forms of the same syndrome. Thus, the presence or absence of symptoms can-
not predict foot ulceration, and the painful-painless foot with ulceration as described by
Ward (18), is often observed in the diabetic foot clinic. However, vibration perception
threshold is often higher in patients with foot ulceration, and indeed elevated levels pre-
dict foot ulceration (36).

ACUTE PAINFUL NEUROPATHIES

These syndromes are relatively uncommon and are characterised by relatively sud-
den onset of pain in the feet and legs and sometimes thighs. The pain is usually severe
and distressing. Painful neuropathies present in the context of poor glycaemic control or
rapid improvements in metabolic control.

Acute Painful Neuropathy of Poor Glycaemic Control

This may occur in the context of poor glycemic control and is often not related to the
presence of other chronic diabetic complications. There is often marked weight loss
(37). Ellenberg coined the description of this condition as “neuropathic cachexia” (38).
Patients typically develop persistent burning pain associated with allodynia (discomfort
produced by tactile stimuli), and there is nocturnal exacerbation of symptoms. The pain
is likened to walking on burning sand. There is also a subjective feeling of the feet being
swollen. The pain is most marked in the feet, but it often affects the whole of the lower
extremities. Patients also describe intermittent bouts of stabbing pain that shoot up the
legs from the feet (“peak pain”), superimposed on the background burning pain. Not
surprisingly, these disabling symptoms often lead to depression. In contrast to the
severe pain, sensory loss is often mild and sometimes absent. There are usually no
motor signs, although ankle jerks are lost in some. Nerve conduction studies are also
usually normal or mildly abnormal. Temperature discrimination threshold is affected
more commonly than vibration perception threshold (39). There is complete resolution
of symptoms within 10 mo, and weight gain is usual with continued improvement in
glycemic control with the use of insulin.

Acute Painful Neuropathy of Rapid Glycaemic Control (Insulin Neuritis)

The natural history of acute painful neuropathies is an almost guaranteed improve-
ment (37) in contrast to chronic distal symmetrical neuropathy (30,3). The term
“insulin neuritis” was first used to describe the syndrome of acute painful neuropathy of
rapid glycemic control, by Caravati (40). The term is a misnomer as the condition can
follow rapid improvement in glycemic control with oral antidiabetic agents, and “neuri-
tis” implies an inflammatory process for which there is no evidence. It is therefore rec-
ommended that the term “acute painful neuropathy of rapid glycemic control” be used
to describe this condition. The patient presents with burning pain, parasthesia, allody-
nia, often with a nocturnal exacerbation of symptoms; and depression may be a feature.
There is no associated weight loss, unlike acute painful neuropathy of poor glycemic
control. Sensory loss is often mild or absent, and there are no motor signs. There is little
or no abnormality on nerve-conduction studies, but there is impaired exercise-induced
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conduction velocity increment (41). There is complete resolution of symptoms within
10 mo. Sural nerve biopsy has shown changes of chronic neuropathy with active regen-
eration (42), whereas degeneration of both myelinated and unmyelinated fibers was
found in acute painful neuropathy of poor glycemic control (37). A recent study looking
into the epineurial vessels of sural nerves in patients with acute painful neuropathy of
rapid glycemic control demonstrated marked arterio/venous abnormality including the
presence of proliferating new vessels, similar to those found in the retina (43). The
study suggested that the presence of this fine network of epineural vessels may lead to a
“steal” effect rendering the endoneurium ischemic, and this process was also thought to
be important in the genesis of neuropathic pain (43). These findings were also supported
by studies in experimental diabetes that demonstrated that insulin administration led to
acute endoneurial hypoxia, by increasing nerve arterio-venous flow, and reducing the
nutritive flow of normal nerves (44).

ASYMMETRICAL NEUROPATHIES

The diabetic state can also affect single nerves (diabetic mononeuropathy), multiple
nerves (diabetic mononeuropathy multiplex), or groups of nerve roots. These focal neu-
ropathies have a relatively rapid onset, and complete recovery is usual in most cases.
This contrasts with chronic distal symmetrical neuropathy, in which most sufferers
report no improvement in symptoms 5 yr after onset (30). A vascular etiology has been
suggested by virtue of the rapid onset of symptoms and the focal nature of the neuro-
pathic syndromes (45). Asymmetrical neuropathies tend to predominantly affect older
patients (46,47), and are more common in men. Unlike chronic distal symmetrical neu-
ropathies, they are often unrelated to the presence of other diabetic complications. A
careful history should be taken to identify any associated symptoms that might point to
another cause for the neuropathy. Investigations should also be carried out to exclude
other possible causes of neuropathy in those patients.

Mononeuropathies

By far the most common mononeuropathy other than “entrapment/pressure,” neu-
ropathy is the third cranial nerve palsy. The patient presents with pain in the orbit, or
sometimes with a frontal headache (45,48). There is typically ptosis and ophthalmople-
gia, although the pupil is usually spared (49,50). Recovery occurs usually over 3 mo.
The clinical onset and time-scale for recovery, and the focal nature of the lesions on the
third cranial nerve, on postmortem studies suggested an ischemic etiology (45,51). It is
important to exclude any other cause of third cranial nerve palsy (aneurysm or tumor)
by CT or MR scanning, where the diagnosis is in doubt.

Fourth, sixth, and seventh cranial nerve palsies have also been described in diabetic
subjects, but the association is not as strong as that with third cranial nerve palsy.
Phrenic nerve involvement in association with diabetes has also been described,
although the possibility of a pressure lesion could not be excluded (52).

Pressure (Entrapment) Neuropathies

A number of nerves are vulnerable to pressure damage in diabetes. In the Rochester
Diabetic Neuropathy Study, which was a population-based epidemiological study,
Dyck et al. (53), found electrophysiological evidence of median nerve lesions at the
wrist in approx 30% of diabetic subjects, although the typical symptoms of carpel tun-
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nel syndrome occurred in less than 10%. The patient typically has pain and paresthesia
in the hands that sometimes radiate to the forearm and are particularly marked at night.
In severe cases, clinical examination may reveal a reduction in sensation in the median
territory in the hands, and wasting of the muscle bulk in the thenar eminence. The clin-
ical diagnosis is easily confirmed by median-nerve conduction studies and treatment
involves surgical decompression at the carpel tunnel in the wrist. There is generally
good response to surgery, although painful symptoms appear to relapse more com-
monly than in the nondiabetic population (54).

The ulnar nerve is also vulnerable to pressure damage at the elbow in the ulnar
groove. This results in wasting of the dorsal interossei, particularly the first dorsal
interossius. This is easily confirmed by ulnar electrophysiological studies that localize
the lesion to the elbow. Rarely, the patients may present with wrist drop because of
radial nerve palsy after prolonged sitting (with pressure over the radial nerve in the back
of the arms) while unconscious during hypoglycemia or asleep after an alcohol binge. In
the lower limbs, the common peroneal (lateral popliteal) is the most commonly affected
nerve. The compression is at the level of the head of the fibula and causes foot drop.
Unfortunately, complete recovery is unusual. The lateral cutaneous nerve of the thigh is
occasionally also affected with entrapment neuropathy in diabetes.

Truncal Radiculopathies

Diabetic truncal radiculopathies are characterized by acute onset pain in a der-
matomal distribution over the thorax or the abdomen (55). The pain is usually asym-
metrical, and can cause local bulging of the muscle (56). There may be patchy sensory
loss and other causes of nerve root compression should be excluded. Some patients pre-
senting with abdominal pain have undergone unnecessary investigations such as barium
enema, colonoscopy, and even laparotomy, when the diagnosis could easily have been
made by careful clinical history and examination. Recovery is usually the rule within
several mo, although symptoms can sometimes persist for a few yr.

Proximal Motor Neuropathy
(Femoral Neuropathy, Amyotrophy, Plexopathy)

This syndrome of progressive asymmetrical proximal leg weakness and atrophy was
first described by Garland (57), who coined the term diabetic amyotrophy. The patient
presents with severe pain that is felt deep in the thigh, but can sometimes be of burning
quality and extend below the knee. The pain is usually continuous and often causes
insomnia and depression (58). Both type I and type II patients over the age of 50 are
affected (57,59,60). There is an associated weight loss that can sometimes be very
severe, and can raise the possibility of an occult malignancy. On examination, there is
profound wasting of the quadriceps with marked weakness in these muscle groups,
although hip flexors and hip abductors can also be affected (6/). Thigh adductors,
glutei, and hamstring muscles may also be involved. The knee jerk is usually reduced or
absent. The profound weakness can lead to difficulty getting out of a low chair or climb-
ing stairs. Sensory loss is unusual, and if present, indicates a coexistent distal sensory
neuropathy.

It is important to carefully exclude other causes of quadriceps wasting such as nerve
root and cauda equina lesions, and the possibility of occult malignancy causing proxi-
mal myopathy syndromes such as polymyocytis. An erythrocyte sedimentation rate
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(ESR), an X-ray of the lumbar/sacral spine, a chest X-ray, and ultrasound of the
abdomen may be required. Electrophysiological studies may demonstrate increased
femoral-nerve latency and active denervation of affected muscles. Occasionally more
detailed investigation with MR imaging may be required. Cerbrospinal fluid protein has
been reported to be raised.

The cause of diabetic proximal motor neuropathy is not known. It tends to occur within
the background of diabetic distal symmetrical neuropathy (62). Some have suggested
that the combination of focal features superimposed on diffuse peripheral neuropathy
may suggest vascular damage to the femoral nerve roots as a cause of this condition.

Coppack and Watkins (58) have reported that pain usually starts to settle after approx
3 mo, and usually settles by 1 yr, whereas the knee jerk is restored in 50% of the patients
after 2 yr. Recurrence on the other side is a rare event. Management is largely sympto-
matic and supportive. Patients should be encouraged and reassured that this condition is
likely to resolve. There is still controversy as to whether the use of insulin therapy influ-
ences the natural history of this syndrome (58). Accompanying pain and depression
should be adequately treated (see Chapters 9 and 10). Extension exercises aimed at
strengthening the quadriceps may also be of some value.
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INTRODUCTION

The diagnosis and staging of severity of the diabetic neuropathy plays an important
role not only for following up patients in a daily clinical practice, but also for the con-
duction of research that studies the etiopathogenesis of the disease and the development
of new therapeutic modalities.

According to the recommendations of the San Antonio Consensus Statement, the
diagnosis of the Diabetic Neuropathy should be based on the clinical symptoms, the
clinical signs, quantitative sensory testing, electrophysiological measurements and, in
rare occasions, on sural nerve biopsies (/). However, as is discussed in this chapter, not
all these methods are necessary for the daily clinical practice.

CLINICAL SYMPTOMS

As discussed in the previous chapter, the most common symptoms of the peripheral
diabetic neuropathy are numbness, tingling sensation often described by the patient as
pins and needles, lancinating pain, deep aching pain, burning pain, and muscular
cramps. They usually involve the feet and legs and present first or get worse during
the night.

The staging of the severity of the symptoms of diabetic neuropathy is not an easy task
because the reaction to an unpleasant stimulus is strongly influenced by previous simi-
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lar experiences and the personality of the patient. For a stoic person, a seriously painful
symptom can be described as a mild or disturbing pain, whereas to others, mild painful
symptoms can seem unbearable. It is helpful that before detailed questions about spe-
cific symptoms are being made, the patient should be allowed to describe in their own
words any possible neuropathic symptoms.

Over the last decade, a variety of methods have been developed in an effort to quan-
tify pain in various conditions and many of these have also been employed for the eval-
uation of diabetic neuropathic symptoms. The McGill Pain Questionnaire consists of
three types of descriptive words: sensory, affective, and evaluative, which are used
by the patient in order to characterize the properties of the painful symptoms and also
contains an intensity scale that is used to quantify the pain (2). The application of this
method in diabetic neuropathy has been limited but, one study found it sufficiently sen-
sitive for detecting differences among different pain relieving methods (3). Another
method that was employed in early studies is the graphic scale of pain that can quantify
the intensity of pain but cannot discriminate the various symptoms (4,5). Additional
details about these methods are given in Chapter 9.

Most of the currently used techniques are based on methods developed by PJ Dyck
and his colleagues at the Mayo Clinic. They first developed the Neuropathy Symptom
Score (NSS) which consisted of 17 symptoms of muscle weakness and sensory distur-
bances in the head, torso, and upper and lower limbs (6). The NSS was later expanded
to a true or false questionnaire that included a few hundred questions about motor, sen-
sory, and autonomic neuropathic symptoms and was named Neuropathy Symptom Pro-
file (NSP) (7). The main advantage of the NSP is that it can detect and quantify the
severity of peripheral neuropathy, but it carries the disadvantage of being cumbersome
and time consuming, limiting its use for clinical trials.

A simplified Neuropathy Symptom Score, which is based on the original NSS, has
been extensively used for epidemiological or intervention clinical trials and can also be
easily used for daily clinical practice (8,9,10). In this simplified NSS, the patients are
asked for the existence of the following typical symptoms of diabetic neuropathy in
their feet and legs: muscular cramps, numbness, pins and needles, abnormal cold or hot
sensations, lancinating pain, deep aching pain, burning pain, and irritation in their feet
and legs caused by the bedclothes at night. Each symptom is scored as 0 if it is absent, 1
if it is present, and 2 if there is nocturnal exacerbation. The total sum from all the symp-
toms represents the Neuropathy Symptom Score.

The main disadvantage of all methods trying to assess the severity of neuropathic
symptoms is their poor reproducibility, mainly related to the fact that both the intensity
of the symptoms and the response of the patient to the painful stimuli vary with time
(11). Therefore, although neuropathic symptoms are very useful in diagnosing diabetic
neuropathy, they are of little help in designing longitudinal studies that examine the nat-
ural history of the disease or access the efficacy of various therapeutic modalities.

CLINICAL SIGNS

The quantification of the clinical signs was also pioneered at the Mayo Clinic by
Dyck et al. who first described the Neuropathy Disability Score (Mayo NDS) (6,7).
According to this method, the severity of each neurologic deficit was scored using a
scale from 0—4, with 0 indicating no deficit and 4 the most severe. The total score was
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based on the evaluation of muscular weakness, including the face, torso and extremities,
the reflexes of upper and lower extremities, the sensation to pain, touch, and vibration,
and joint position at the index finger and great toe. The main advantage of this tech-
nique is that it is reproducible and can give a very detailed and accurate picture of the
severity of the neuropathy (/7). However, this applies only if it is performed by well-
trained neurologists who can accurately evaluate muscular weakness and grade the
severity of the sensory deficit rendering it a very useful research tool with a limited role
in the daily clinical practice.

A modified NDS that can be performed by a nonspecialist but still provide valuable
information was first described by Young et al. (12). According to this technique the
NDS is the sum of the sensory and reflex deficit score. For the evaluation of the sensory
score, the sensations of pain, touch, cold, and vibration at both legs are tested. The pain
perception is examined with a pin, the touch perception with a cotton wool, the cold per-
ception with a tuning fork immersed in icy water, and the vibration with a tuning fork of
128-Hz frequency. Each sensory deficit is graded according to the level up to which the
sensation is found to be impaired as follows: (0) no abnormality, (1) impaired sensation
up to the base of the toes, (2) up to midfoot, (3) ankle, (4) midleg, and (5) knee. The
average of both feet for each modality is calculated and the sum of all four deficits rep-
resents the sensory score. For the evaluation of the reflex score, the knee and ankle
reflexes are examined and scored as following: normal 0, elicited with reinforcement 1,
and absent 2. The sum total of all four reflexes and the sensory score represented the
NDS (maximum 28). A score from 1 to 5 is considered to be indicative of mild neu-
ropathy, 6-16 moderate, and 17-28 severe. Comparing to the previous method, the
modified NDS has the advantage of being simpler and therefore can be used in con-
ducting large clinical or epidemiological trials in which more than one center are
involved or can be part of the clinical routine practice.

More recently, Feldman et al. proposed a new, two-step program for the diagnosis
and staging of diabetic neuropathy on an outpatient basis (13). The first step consists of
the Michigan Neuropathy Screening Instrument (MNSI) which consists of 15 “yes or
no” questions for symptoms related to sensation, general asthenia, and peripheral vas-
cular disease. In addition, a brief clinical examination, involving inspection of the foot,
semiquantitative assessment of the vibration sensation, and examination of the ankle
reflexes, is performed. Patients with an abnormal MNSI score are then refereed for the
second part of the examination, the Michigan Diabetic Neuropathy Score (MNDS) that
includes a clinical neurological examination, involving vibration perception threshold
measurements, pain, light touch, and a 10-g monofilament, and nerve electrophysiolog-
ical assessments. All these measurements are scored and according to the total scored
neuropathy is characterized as absent, mild, moderate, or severe.

QUANTITATIVE SENSORY TESTING

The development of the quantitative sensory testing over the last two decades has
been an important step in diagnosing and quantifying peripheral nerve damage. Its main
advantage is that it can quantitatively measure the minimal stimulus perceived by the
patient, something impossible during clinical examination in which a sensation can be
described as present, reduced, or absent. Its main disadvantage is that it does not exclu-
sively evaluate the function of the peripheral nerve system but the integrity of the whole
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Fig. 1. Assessment of the vibration perception threshold by a Biothesiometer. The most important
thing is to standardize the pressure applied on the skin and this can be achieved by keeping the stylus
in vertical position so that the only pressure applied on the skin is that from the weight of the unit.
The vibration of the stylus can be increased from 0 to 50 V by a switch in the main unit.

nerve pathway up to the higher brain centers. Thus, the full cooperation and concentra-
tion of the patient is required if reliable results are to be obtained, hence the term psy-
chophysical testing (7).

A number of different methods have been described, but in this chapter, the main
emphasis will be given on two simple techniques that are simple, cost-effective, and can
be easily used in daily clinical practice by nonspecialists.

Vibration Perception Threshold

The sense of vibration is transmitted through the large myelinated (A—p) fibers. In
healthy subjects, the vibration threshold is higher in the lower extremities when com-
pared to other parts of the body (/4). The vibration perception threshold increases sig-
nificantly with age and tables with age-related upper normal values are required for the
correct interpretation of the obtained results (15,/6). Other factors that can influence the
thresholds are the height and skin temperature (16,17).

The most commonly employed device to evaluate the vibration perception threshold
(VPT) is the biothesiometer (Bio-Medical Instrument Company, Newbury, OH) (Fig.
1). It consists of a hand-held unit with a tractor that vibrates proportionally to the
applied voltage, which can be increased from 0 to 50 V using a control switch. The VPT
is usually measured at the great toe and/or the medial malleolus, whereas the tractor is
kept in vertical position and in firm contact with the skin. As the vibration perception
depends on the applied pressure, it is important that during testing the vibrating stylus is
kept vertical and that no additional pressure is applied so that the pressure to the skin is
stable and is determined only by the weight of the unit. The Vibrameter and the Vibra-
tron I are alternative devices that can be used for the assessment of the vibration
thresholds.
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The coefficient of variation of VPT measurements is 25-50%, not unsatisfactory for
a psychophysical quantitative sensory testing technique (/8). Nevertheless, as consider-
able variability exists in measurements of two symmetrical parts of the body in both
healthy subjects and diabetic patients, more than one site should be tested, even for
screening purposes (19,20).

Despite the above limitations, the Biothesiometer is an inexpensive, portable device
requiring 2-3 min for each patient and can be operated with minimal training by doc-
tors, nurses, or other paramedical staff. VPT measurements can be used for both the
diagnosis of diabetic neuropathy and for screening large numbers of patients in order to
identify the ones at risk for foot ulceration. A large prospective study has already shown
that VPT is a very effective predictor of the risk for foot ulceration in diabetes and that
patients with a threshold more than 25 V should be considered at high risk and receive
preventive treatment (21).

Semmes-Weinstein Monofilaments

The Semmes-Weinstein monofilaments test the function of the myelinated sensory
fibers that are responsible for the pressure sensation. Sets of three or six monofilaments
with progressively increasing diameter are available for clinical use. When force is
applied on a filament until is buckles, it always applies the same pressure on the skin
and the amount of pressure depends only on the diameter of this particular filament
(Fig. 2). Therefore, by quantifying the minimum pressure perceived by the patient it is
possible to diagnose and stage the severity of the diabetic neuropathy (22). Moreover,
as this is a very easy technique, it is ideal for screening purposes. Patients who are
unable to feel a pressure of 10 g are at high risk for foot ulceration and candidates for
preventive treatment (23,24).

The main advantages of the Semmes-Weinstein monofilaments are that they are
inexpensive, very easy to use for medical or paramedical staff, and not time consuming.
A pen-like device with a 5.07 monofilament exists, making it easy to be carried by the
examiner and be used at different places such as the practice office or at the bedside dur-

Fig. 2. The 5.07 Semmes-Weinstein monofilament. When the filaments is flexed it applies a constant
pressure of 10 g on the tested area. A number of monofilaments are available with different diameter
applying different amount of pressure on the skin. Failure to feel a pressure of 10 g or less is indica-
tive of high risk for foot ulceration.
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ing a brief clinical examination. All the above make this technique the most applicable
in clinical practice and can be easily incorporated in the standard annual review visit,
which should be performed on every diabetic patient.

Other Techniques

A number of quantitative sensory testing techniques have been developed over the
last years and have been used for the conduction of clinical studies. However, as none of
them have been widely accepted for clinical practice, a detailed description of these
methods would be beyond the scope of this chapter.

WARM AND CoOLD PERCEPTION THRESHOLDS

The sensation of warm and cold is served by small myelinated and unmyelinated
fibers and is usually the first nerve function to be affected in diabetic patients (25). Var-
ious methods have been proposed for the evaluation of the warm and cold thresholds but
they are all hampered by the same problems, namely poor reproducibility, high inter-
subject and interobserver variation, time consuming, and requiring expensive equip-
ment (26,27). As a result of this, their use is restricted to research purposes in major
institutions.

CURRENT PERCEPTION THRESHOLDS

This technique uses constant current delivered through the skin by a specifically
designed device, the Neurometer (Neurotron, Baltimore, MD). Three frequencies can
be measured (5, 250, and 2000 Hz) and previous studies have suggested a certain neu-
roselectivity with the 5 and 250 Hz frequencies mainly stimulating the small fibers and
the 2000 Hz the large fibers (28,29,30). The ability to test the function of both small and
large fibers with the same device would obviously make the Neurometer an appealing
alternative to currently employed methods. However, further studies that will examine
the issues of neuroselectivity and reproducibility in more details are required before this
technique gains general approval as first choice method (31).

COMPUTER-ASSISTED SENSORY EXAMINATION (CASE)

The computer-assisted sensory examination (CASE), pioneered at the Mayo Clinic
by Dyck and colleagues, is a computerized device that can evaluate the touch-pressure,
vibration, and warm-cold perceptions using forced-choice testing (32). Its main
advantage is that it can offer reliable quantitative evaluation of all the above-mentioned
sensations but as it requires expensive equipment installed in permanent facilities and
well-trained staff, it is mainly used for research purposes.

ELECTROPHYSIOLOGICAL MEASUREMENTS

The two main electrophysiological studies widely employed for the diagnosis of dia-
betic neuropathy are the conduction velocity and the sensory action potential. Both tests
are noninvasive and are conducted by employing surface electrodes that do not expose
the patient to any serious risk and cause only minor discomfort, related to the stimula-
tion of the nerve by high-voltage electrical current. The nerve conduction velocity mea-
sures the function of the largest nerve fibers, which are also the fastest in conducting a
stimulus, whereas the sensory action potential evaluates the number of the functioning
fibers and is reduced in cases where there is fiber loss (33,34).
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In diabetic neuropathy, the sural nerve sensory amplitude is the first measurement to
be affected and is followed by the conduction velocities of the sural and peroneal
nerves, whereas in later stages, the nerves of the upper extremities may be involved
(35,36). The most commonly tested nerves are the median and ulnar (both sensory and
motor) in the upper extremities and the peroneal (motor only) and sural (sensory only)
in the lower extremity. Other electrophysiological measurements, which are used less
frequently, are the compound muscle action potentials, F-Wave latency, and needle
electromyography.

Factors that influence the electrophysiological measurements are the age, the skin
temperature, the blood flow, and the glycemic control. Provided that age-related tables
are used and the other factors are controlled, electrophysiology can provide very reli-
able results with coefficient variations ranging 4-7% for the conduction velocities and
10-15% for the sensory amplitudes (37). This significant improvement in comparison
to the quantitative sensory testing is related to the fact that electrophysiology provides
objective measurements of the function of the peripheral nerves that do not require the
collaboration of the patient. The above properties have established electrophysiological
measurements as primary end-points in clinical trials of new therapeutic modalities (7).
However, despite all these advantages, the use of electrophysiology in clinical practice
is limited by the fact that it requires expensive equipment and properly trained staff.

SURAL NERVE BIOPSIES

This is an invasive technique that is mainly used for the conduction of research pro-
jects under the auspices of major clinical centers. There is no place for sural nerve biop-
sies in daily clinical practice, with the very rare exception of patients in whom the cause
of peripheral neuropathy cannot be determined by any other method.

Both whole-nerve and fascicular-nerve biopsies can be employed. The myelinated
fiber density is the most reliable single morphometric parameter for the evaluation of
the severity of diabetic neuropathy, whereas other reliable indexes include the size
of the myelinated fibers and the existence of axonal atrophy (39). Another alternative
is the index of pathology that was proposed by Dyck et al. and accommodates both
the loss of myelinated fibers and the existence of abnormal teased fibers in one
measurement (40).

COMPARISON AND RELATIONSHIP OF THE
DIFFERENT METHODS USED FOR THE
DIAGNOSIS AND STAGING
OF DIABETIC NEUROPATHY

The histologic changes in sural nerve biopsies are the gold standard against which the
efficacy of every other method employed in the diagnosis of diabetic neuropathy is
compared. As nerve biopsies cannot be performed on a routine basis, extensive research
has been conducted over the past decade examining the relationship of all the previ-
ously described noninvasive techniques and the morphometric measurements.

Assessments of the Neuropathic Symptoms

No clinically significant correlations have been found by most of the studies between
neuropathic symptoms and objective measurements of neuropathic severity, although
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Fig. 3. A satisfactory relationship was found between the modified neuropathy, disability score
(NDS), and the peroneal motor conduction velocity, coefficient correlation » = —0.58 (data from
ref. 30).

small but statistically significant correlations have been reported (4/—43). The two main
reasons for this significant lack of correlation are the poor reproducibility of the
employed techniques and that symptoms may be absent even in the most severe cases of
neuropathy (44).

Assessments of Clinical Signs

In contrast with the clinical symptoms, satisfactory correlations have been obtained
between measurements of clinical signs, using the previously described techniques, and
objective measurements of diabetic neuropathy. In the few studies that employed sural
nerve biopsies, significant relationships were reported between morphometric measure-
ments and both the original Mayo Neuropathy Disability Score (NDS) and the modified
NDS (40,45).

Larger studies that have correlated the results of different NDS and electrophysiolog-
ical measurements have also shown positive results. The regression between the modi-
fied NDS and peroneal motor nerve conduction velocity in a large number of diabetic
patients with or without neuropathy is shown in Fig. 3 (30). The correlation coefficient
between the different NDS and the vibration perception threshold and nerve conduction
velocities, as reported in two separate studies, are shown in Table 1 (/ 3,30). In brief, all
NDS methods showed similar, and very satisfactory, relationships with VPT and nerve
conduction velocities, indicating that a proper clinical examination can yield valuable
information about the severity of diabetic neuropathy.

Quantitative Sensory Testing

Initial studies of patients with moderate-to-severe neuropathy showed statistically
significant correlations between quantitative sensory testing that included vibration per-
ception threshold, warm discrimination thresholds, and myelinated fiber density of sural
nerve biopsies (46). However, these findings could not be reproduced in a subsequent
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Table 1
Modified Michigan Mayo
NDS NDS NDS
Vibration perception threshold (VPT) 0.68 0.61 0.60
Nerve conduction velocities —0.58 -0.59 —0.66

The correlation coefficient between the three most commonly used Neuropathy Disability Scores (NDS),
vibration perception threshold, and nerve conduction velocities measurements. The data in the first column
(modified NDS) was derived from 122 diabetic patients (30) and in the second and third columns (Michigan
and Mayo NDS) from 56 patients (13).
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Fig. 4. Satisfactory correlation was found between peroneal motor conduction velocity and vibration
perception threshold (VPT), r = —0.50 (data from ref. 30).

study that included patients with mild neuropathy, indicating that in the early stages of
the disease these techniques alone are not sufficient to quantify the severity of the dia-
betic neuropathy (4/).

Despite the above shortcomings, quantitative sensory testing has been shown to pro-
vide satisfactory correlations with electrophysiological measurements. As shown in Fig.
4, a significant correlation was found between vibration perception thresholds and the
peroneal nerve conduction velocities in a large number of diabetic patients (30). Similar
results have been reported in other studies (13,42).

Electrophysiologic Measurements

As mentioned previously, electrophysiologic measurements provide objective results
with a very satisfactory reliability and reproducibility. It is therefore no surprise that
these measurements have been found to give the best correlations with the histopatho-
logic nerve changes. In healthy subjects, the nerve conduction velocity of a particular
nerve can be successfully estimated by the diameter of the largest fibers, but in diabetic
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Fig. 5. The relationship between myelinated fiber density (MFD) in sural nerve biopsies and
electrophysiological measurements in diabetic patients with mild diabetic neuropathy: Significant
correlation was found between MFD and peroneal nerve conduction velocity, r = 0.58 (A),

sural nerve conduction velocity, r = 0.84 (B), and sural sensory amplitude, r = 0.74 (C) (data from
ref. 41).

(Figure continues on page 71)

patients the actual velocity is usually 20-30% less than the expected one from such
estimations (47). This finding is related to functional changes in the nerve and is prob-
ably related to the nerve conduction velocity increments that follow the improvement
of the glycemic control (48).

Most of the electrophysiological changes are related to nerve structural damage and
numerous studies have shown satisfactory correlations between these two measure-
ments in mild, moderate, or severe neuropathy (34,40,41,47). In Fig. 5, the regression
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between myelinated fiber density of sural nerve biopsies and the peroneal motor con-
duction velocity, the sensory nerve conduction velocity and the sural sensory potential
of patients with mild neuropathy is shown. The very close relationship between electro-
physiologic and morphometric findings has prompted the use of electrophysiological
measurements as surrogate methods for sural nerve biopsies in most of the clinical
research studies.

CRITERIA FOR THE DIAGNOSIS OF DIABETIC NEUROPATHY

There is no single set of criteria that is universally applicable for every case in which
the diagnosis of the diabetic neuropathy is required. Instead, different criteria are
applied in different situations, more simple criteria for daily clinical practice, simple but
more standardized criteria for the conduction of large epidemiological studies, and more
detailed criteria, sometimes including sural nerve biopsies, for studies in well-organized
teaching hospitals which, as part of their mission, examine the pathogenesis of the dis-
ease or evaluate new medications. However, there is one rule that applies for all situa-
tions, namely that the diagnosis of diabetic neuropathy should be made only when
abnormalities in two or more groups of tests are present and should never be based on
abnormalities found in one test alone.

In routine clinical practice, where access to sophisticated equipment is limited, the
diagnosis can be based on abnormalities of the clinical symptoms, signs, and quantita-
tive sensory testing (vibration perception thresholds and/or Semmes-Weinstein
monofilaments). Regarding the symptoms, the patients should be specifically asked for
the existence of symptoms related to diabetic neuropathy such as numbness and/or
painful symptoms in the lower extremities. The clinical signs should include the exam-
ination of the ankle and knee reflexes and the sensation of pain, touch, vibration, and
cold sensation examined. The modified Neuropathy Symptom Score (NSS) and Neu-
ropathy Disability Score (NDS), which require minimal additional time and allow a
more structural examination, can be of particular help in following the progression of
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the disease. The assessment of the vibration perception threshold and/or the use of
Semmes-Weinstein monofilaments will finally enable the physician not only in the
diagnosis but also in identifying patients at risk of ulceration. The above tests require
minimal and very inexpensive equipment and can be performed by every physician car-
ing for diabetic patients without any specific training in 10—15 min. Therefore, they can
easily be part of the annual check-up that should be performed on every patient, either
in a hospital setting or in a primary-care practice.

In case a more detailed examination is required, most commonly related to research
projects using algorithms such the one proposed by Dyck, a modification of this algo-
rithm suggested by the San Antonio Consensus Statement or the Michigan algorithm
proposed by Feldman can be used (49,1,13). The inclusion of electrophysiological mea-
surements in these algorithms allows a more detailed classification of the diabetic neu-
ropathy and the detection of subclinical neuropathy. Thus, according to the San Antonio
Consensus Statement, patients can be broadly classified into two categories: Class I in
which both clinical symptoms and signs are absent and in Class II in which either symp-
toms or signs or both are present (/). Each of these is then subdivided to classes A, B,
and C according to the presence of abnormalities in quantitative sensory testing, elec-
trophysiological measurements, and autonomic function testing.

It should again be emphasized that these algorithms are primarily useful for clinical
research and not necessarily for use in daily clinical practice. Therefore, the practicing
physician does not need to depend on them, but should be confident to make the diag-
nosis using the previously described methods.

DIFFERENTIAL DIAGNOSIS

As there is no pathognomonic test for the diabetic neuropathy, its diagnosis can be
made with confidence only when other possible causes have been excluded. Neverthe-
less, it should be kept in mind that in the great majority of diabetic patients with neuro-
logical findings, the underlying condition is diabetes. Findings that should alert the
physician to the possibility of a neuropathy of another etiology would be an acute estab-
lishment of the neuropathy, asymmetrical neurological findings in the lower extremi-
ties, involvement of the central nervous system, and the existence of another systemic
disease, e.g., malignancy or history of inherited neurological diseases in the family.
Common causes for neuropathy with similar presentation to diabetic neuropathy
include tabes dorsalis, B12 deficiency, leprosy, uremia, hypothyroidism, and diseases
of the spinal column. If another cause for the neuropathy is suspected, further investiga-
tions under the supervision of a specialist may be required.

CONCLUSIONS

The diagnosis of diabetic neuropathy is based on clinical symptoms, clinical signs,
semiquantitative sensory testing, electrophysiological measurements, and in very
rare cases, sural nerve biopsy. In clinical practice, abnormalities in two of the first
three groups of tests, namely symptoms, signs, and quantitative sensory testing, are ade-
quate to establish the diagnosis. What is more important, the use of vibration perception
threshold measurements or Semmes-Weinstein monofilaments can identify patients at
risk of foot ulceration and lead to preventive care. Various algorithms are also available
for a more detailed examination of the peripheral nervous system and can help in the
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diagnosis of subclinical neuropathy and the staging of the severity of the disease. As
discussed previously, these are usually employed for the conduction of clinical
research.
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INTRODUCTION

Distal symmetric polyneuropathy, often combined with autonomic polyneuropathy,
constitutes the most common chronic symptomatic complication of diabetes mellitus
and affects approx 17 million people in the United States and Europe (7).

Diabetic peripheral polyneuropathy is a disorder demonstrating progressive nerve
fiber loss, atrophy, and nodal changes manifested clinically as deteriorating nerve func-
tion with or without accompanying dysesthetic and/or paresthetic symptoms (2). The
disease culminates in severe sequelae such as insensitivity to pain, anesthesia, limb
deformities, foot ulcerations, infections, and limb amputations. Although sensory loss
corresponds to the degree of fiber loss (3), neuropathic symptoms are difficult to assess
and unreliable indicators of the degree of nerve fiber injury (4). They tend to be highly
variable, transient, and difficult to quantify objectively. Furthermore, symptoms such as
pain are of different qualities, each one reflecting processes that may be independent of
progressive nerve fiber loss, such as nerve fiber regeneration, neuropeptide imbalances,
dispersion of central processing of impulses or to extraneuronal causes such as
arthropathy, and mechanical foot deformities. Neuropsychological tests of sensory loss
are difficult to standardize and show wide day-to-day variations (5,6). Electrophysio-
logical analyses such as waveform analyses of evoked potentials, neurography or sin-
gle-fiber electromyography, accurately reflect the functional integrity of peripheral
nerve fibers, but suffer from limited sampling and are not well standardized (7,8). On
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the other hand, well-standardized diagnostic nerve conduction studies are readily avail-
able and are highly reproducible when correctly performed (2,9).

Measurements such as nerve conduction velocities and amplitudes of evoked poten-
tial do indeed correlate relatively well with nerve fiber pathology such as morphometric
assessments of nerve-fiber densities and quantitative nodal pathology (10,11). How-
ever, nerve function as measured by nerve conduction velocity or amplitudes of evoked
responses is sensitive to momentary alterations in glucose control and, therefore may
not accurately reflect underlying structural abnormalities of the nerve (12,13).

Sural nerve biopsy is an invasive diagnostic procedure, although safe and well estab-
lished. This technique has been widely applied over the last decade in clinical trials in
an attempt to morphometrically quantify nerve-fiber loss and damage as measures of
therapeutic responses (10,14). Although the full potential of quantitative structural
assessments has not been utilized in these studies, it is clear that basic morphometric
measures such as fiber densities correlate well with electrophysiologic parameters (15).
However, in subsets of biopsies in which more detailed morphometric analyses have
been performed, specific structural abnormalities show even better correlations with
standardized electrophysiologic measures (16). Such detailed analyses in large-scale
studies are unfortunately prohibited by the high costs of assessment. In this chapter, the
value of morphometric analyses of peripheral nerve biopsies will be discussed, as a
potential tool for assessment of drug efficacy and as an opportunity to delineate the nat-
ural history of this common and disabling complication of diabetes mellitus.

PATHOLOGIC CHANGES IN DIABETIC NERVE

The morphological changes seen in human diabetic nerve involve the neural, glial,
vascular, and connective tissue elements. In overt diabetic neuropathy, the striking fiber
atrophy and loss of myelinated and unmyelinated fibers are associated with segmental
demyelination, Wallerian degeneration, and morphologic changes of the node of Ran-
vier that constitute the hallmarks of human diabetic neuropathy (9,/7-21). The proxi-
mal-to-distal gradient of these changes together with the topographic and temporal
occurrence of neurological deficits and symptoms are in keeping with an axonopathy of
dying-back type, affecting preferentially the longest axons. Motor fibers appear to be
less severely involved. As to whether this is caused by their shorter axons is not known.
Sensory ganglion cells support both a peripheral and central axon, whereas motor neu-
rons only support a peripheral axon. Ultrastructural examination of sural nerve biopsies
from individuals with newly detected diabetes demonstrating axonal atrophy is consis-
tent with what appears to be a primary axonopathy (18,19). However, supporting
endoneurial tissue components are also involved with proliferation of mesenchymal ele-
ments including fibroblast and collagen, endoneurial endothelial cells, and extracellular
matrix components such as basement membranes (22-25).

There appears to be a homology between the structural changes and the sequence in
which they occur in human and murine diabetic neuropathy (26,27). In diabetic rat
models, such as the type I spontaneously diabetic BB/W rat, careful longitudinal studies
have delineated a sequence of axonal changes with secondary demyelination and what
appear to be relatively independent nodal changes. The earliest demonstrable structural
change is evidenced by dispersion of cytoskeletal elements and abnormal axon swelling
at the node of Ranvier (28,29). In the diabetic rat, these changes have been associated
with intra-axonal sodium accumulation secondary to decreased activity of



Chapter 5 / Histologic Changes 79

Fig. 1. Sequence of nodal changes as seen in single teased-fiber preparation. The top two panels show
paranodal swelling, the third panel shows paranodal demyelination, and the bottom panel shows a
remyelinated intercalated internode.

Na*-K*-ATPase that is topographically concentrated to the node of Ranvier (30).
These changes are followed by axonal dwindling starting at the distal out-reaches of the
axon. There is malorientation of cytoskeletal elements that has been associated with
impaired polymerization of microfilaments because of nonenzymatic glycation or fruc-
tation (26,28,31) as well as impaired synthesis of these building blocks by the
perikaryon (32). These progressive abnormalities lead eventually to axonal death and
Wallerian degeneration. The nodal changes appear to be initiated by a loss of intercellu-
lar junctional complexes that adhere the myelin to the axolemma and constitute the
functionally important paranodal ion-channel barrier (29,33). The defect in paranodal
myelin adhesion to the paranodal axon results in paranodal myelin retraction and
demyelination, which may be repaired by the lay down of new myelin resulting in short
so-called intercalated internodes (Fig. 1).

This sequence of structural changes demonstrated in experimental diabetes can be
reconstructed in human diabetic neuropathy, particularly by the evaluation of single
teased fibers (34).



80 Sima

VASCULAR PATHOLOGY IN DIABETIC POLYNEUROPATHY

Endoneurial vessels in diabetic patients undergo progressive changes with hyaliniza-
tion and deposition of PAS-positive material in the vessel walls, which in extreme situa-
tions may lead to occlusion of the vessel lumina (22). Rarely, microthrombi composed of
platelets have been demonstrated in nerve biopsies (35). The most characteristic change
is that of basement membrane thickening either because of duplication of basement mem-
branes or homogeneous basement-membrane thickening. Additional changes include
proliferation and swelling of endothelial cells (24,25,36). The degree of microangio-
pathic changes correlate with the severity of nerve-fiber pathology and clinical severity
of the neuropathy (36). These findings led to a revitalization of the vascular theory pro-
posed by Fagerberg almost 50 yr ago (22). The basement membrane changes in diabetes
have detrimental effects on its normal barrier function, both the charge-selective barrier
function as well as its filter function, thereby increasing the permeability of the protective
blood-nerve barrier. This defect is probably further enhanced by loss of interendothelial
junctional complexes, analogous to axoglial dysjunction of the paranodal apparatus (24).
The thickening of the basement membrane may lead to increased diffusion distance for
oxygen, potentially leading to endoneurial hypoxemia (37,38).

Dyck and coworkers (39) reported multifocal nerve-fiber loss in peripheral nerves
from diabetic patients and suggested that ischemia was the main underlying cause for
the characteristic nerve-fiber loss. Their ultrastructural studies suggested that endoneur-
ial ischemia was consequent to endothelial-cell hypertrophy causing capillary closure, a
measure that correlated with scores of nerve-fiber pathology. Subsequent studies
(24,40,41) were not able to reproduce these interesting findings by Dyck et al., but sug-
gested that capillary closure, which is seen in venules rather than capillaries, represents
a physiological regulation of venous drainage of the endoneurium, seen just as com-
monly in normal peripheral nerve and in neuropathies that are not considered to have an
ischemic basis. In a later study, Giannini and Dyck (42) were unable to reproduce their
previous results. Nevertheless it appears clear that both structural and functional abnor-
malities of the endoneurial vasculature contribute to the nerve-fiber pathology seen in
diabetic neuropathy. However, these changes may, in part, occur independently from a
primary nerve-fiber damage, since focal nerve-fiber loss characteristic of ischemic
injury is twice as common in NIDDM patients as in IDDM subjects with the same dura-
tion of diabetes (20). These differences may, in part, be caused by age-related changes,
pre-existing vascular disease, and accelerated atherosclerosis in the older NIDDM pop-
ulation. It is very likely that early functional changes in vascular tone and perfusion
contribute to the nerve-fiber pathology. Mounting evidence from experimental diabetes
strongly suggest that imbalances in vasoactive substances such as NO and prostanoids
impact on peripheral-nerve blood flow and oxygenation of the endoneurial content (43).
Indirect evidence for a functional vascular component in human diabetic nerve was pre-
sented by Inone et al. (44), who demonstrated a beneficial effect of a prostaglandin E,
analog on nerve function in diabetic patients.

DIFFERENCES IN DIABETIC
NEUROPATHY IN IDDM AND NIDDM PATIENTS

Since there are marked differences in underlying pathophysiology, metabolic, and
hormonal aberrations in IDDM and NIDDM patients who only have hyperglycemia in



Chapter 5 / Histologic Changes 81

common, it is not surprising that the pathologic expression of neuropathic changes may
be different in the two types of diabetes. Superimposed on these differences, the two
groups show differences in age that may impart a varied susceptibility to nerve injury as
well as age-related structural changes. Of quantifiable structural changes characterizing
diabetic polyneuropathy, axonal atrophy and axoglial dysjunction of the paranode appear
to be significantly more severely expressed in IDDM patients than in those with NIDDM
with comparable duration of diabetes and hyperglycemic control (20). In experimental
diabetes, these changes have been closely related to metabolic abnormalities affecting
primarily the neuronal tissue elements. In contrast NIDDM patients with neuropathy
show a significantly higher frequency of Wallerian degeneration and increased focality
of nerve fiber loss, which may suggest a greater importance of vascular pathophysiolog-
ical mechanisms with hypoxia and/or ischemia as important contributing factors to
nerve-fiber damage and loss (17,20). Elucidation of mechanistic differences in the neu-
ropathies occurring in the two types of diabetes will be of importance, since this may
impact upon the design of targeted therapies for this disorder.

QUANTITATIVE ASSESSMENTS OF PATHOLOGY

Morphometric techniques have been employed in the quantitative assessment of the
structural pathology and as a measure of drug efficacy in biopsies obtained from
patients participating in clinical diabetic neuropathy trials (10,14).

Mainly two histopathologic techniques have been applied: light-microscopic mor-
phometric assessment of semithin plastic-embedded cross sections of sural nerve; and
single-teased-fiber analyses of a minimum of 100 randomly selected myelinated fibers,
although this technique has not been used in recent trials. Light-microscopic morpho-
metric analysis provides measures such as mean fiber size, fiber size histograms, fiber
density, and coefficient of variation of fiber density between frames, which gives a
value for the focality of fiber loss (14,34). Less commonly used measures include the
ratio between axonal area and that of the surrounding myelin sheath and index of circu-
larity and frequency of regenerating clusters.

Teased fiber analysis, when accurately performed, is a sensitive and informative
technique that provides a different set of information. The sequential nodal pathology
characteristic of diabetic polyneuropathy can be assessed by the frequency of fibers
exhibiting nodal swelling, paranodal demyelination, and intercalated remyelinated
internodes (34,45) (Fig. 1). A measure of axonal atrophy is obtained by the frequency of
fibers exhibiting excessive myelin wrinkling. Other specific pathologies that are quanti-
tated by teased fiber analysis include segmental and Wallerian degeneration and regen-
erated fibers.

Each pathologic change is expressed as its frequency among all fibers examined
minus those showing regeneration, but including fibers showing the normal structural
appearance (“normalcy”) (46). The number of normal fibers (frequency of
normal teased fibers X fiber density) constitutes the index of normality, which has
been shown to be a valuable overall reciprocal measure of pathology that correlates well
with electrophysiologic measurements (3). Additional quantitative analyses can be per-
formed using ultrastructural morphometry. However, these techniques are difficult
and extremely time consuming, but can be used for research purposes and for detailed
analyses of the natural history of the disease. The ultrastructural morphometric tech-
niques include the ratio between axonal cross-sectional area and myelin thickness,
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Fig. 2. Correlations between sural-nerve conduction velocity and sural-nerve fiber density.

expressed as the number of myelin lamellae. Detailed quantitative analysis can also be
applied to axoglial dysjunction, but requires serial sectioning of ultrathin sections of
large samples of ultrastructurally identified nodes (47).

CORRELATIONS BETWEEN MORPHOMETRIC
MEASUREMENTS AND ELECTROPHYSIOLOGIC PARAMETERS

Diabetic polyneuropathy is characterized structurally by a progressive loss of myeli-
nated fibers and electrophysiologically by a progressive decrease in nerve conduction
velocity and amplitude of evoked responses. It is therefore not surprising that relatively
good correlations have repeatedly been established between myelinated fiber density
and nerve conduction velocity or amplitude of evoked responses in the sural nerve
(Figs. 2 and 3) (3,10,11,15).

Similarly, index of normality obtained from morphometric analysis of sural nerves
also correlates with nerve conduction velocity and amplitudes measured in sural
nerves (3).

As mentioned earlier, the hallmarks of the pathology in diabetic polyneuropathy
appear to be axonal atrophy and nodal changes. Since both these measures would be
expected to be determinants for nerve conduction velocity, correlations have been
established between the sum of axonal atrophy and magnitude of axoglial dysjunction
and nerve conduction velocity (16).

There is evidence to suggest that both the pathologic and electrophysiological
deficits characterizing diabetic polyneuropathy do not progress linearly in the same
nerve over the duration of diabetes. Furthermore, functional deficits in different nerves
start at different time points and may progress at different rates, reflecting the length
dependent dying-back nature of the neuropathy. For instance, at a given time point dur-
ing the disease, the electrophysiologic deficits are worst in sensory nerves of the lower
extremity, less so in sensory nerves of the upper extremity, and least affected in upper
extremity motor nerves (48). However, despite these differences in the stages of the
neuropathy in different nerves, the pathology obtained in the sural nerve correlates well
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Table 1

Decreases in Amplitudes of Evoked Responses in Sural, Peroneal,
Median Sensory and Median Motor Nerves and Their Correlations

with Sural Nerve Fiber Density in 334 Patients

Correlation with
Sural Nerve Fiber

Density
Amplitude
(% of normal) r- p-value
Sural 38.8 0.44 0.0001
Peroneal 68.9 0.25 0.0001
Median sensory 57.8 0.34 0.0001
Median motor 92.1 (N.S)) 0.08 0.14

Note no correlation could be demonstrated between the normal median motor

amplitude and the sural nerve fiber density.
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Fig. 3. Correlations between sural-nerve fiber density and sural-nerve amplitudes in 334 patients.

with the electrophysiology in any of the affected nerves, suggesting that the neuropathy
once established in any given nerve progresses pari passu with that of the most severely

affected sural nerve, albeit at a less severe stage (Table 1) (48).

THE UTILITY OF NERVE-FIBER MORPHOLOGY
AS A MEASURE OF EFFICACY IN CLINICAL TRIALS

Nerve morphometry, when utilized to its full potential, is an extremely useful tech-
nique to assess the nature and the quantity of peripheral-nerve pathology in any neu-
ropathy (45). Early clinical trials of various aldose reductase inhibitors from which
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nerve biopsies were obtained, clearly established some basic correlations between nerve
pathology and functional deficits. Nerve-fiber density, for instance, correlates relatively
well with both nerve conduction velocity and amplitudes of evoked potentials, and spe-
cific pathologic changes such as axonal atrophy and nodal pathology correlate with
nerve conduction velocity. The establishment of these correlations have been important
by lending greater confidence to conventional electrophysiologic measures as indicators
of the severity of underlying structural pathology, but beyond this has added little to our
understanding of the disease process or as to how various interventional therapies may
change the course of the disease.

In order to assess and understand this latter phenomenon, different sets of morpho-
metric assessments have to be applied, such as structural changes reflecting reparative
phenomena. These can be divided into two groups. First, one in which there is replace-
ment of degenerated fibers by newly regenerated fibers and, second, one in which
affected fibers are repaired. For instance, increase in axonal size of previously atrophic
fibers or repair of the destructive nodal pathology (axoglial dysjunction and paranodal
demyelination) by intercalated remyelinated internodes.

Nerve-fiber regeneration is impaired in diabetic polyneuropathy. Several aldose
reductase trials have in fact demonstrated impressive increases in nerve-fiber regener-
ation following treatment with active drug, which have been interpreted as a
positive treatment effect (10,14). However critics (38) have raised the question as to
whether these regenerated nerves ever reach their target organ and thereby become
functional. Evidence in support of reinnervation was demonstrated by Bril and cowork-
ers (8), who showed increased reinnervation of muscle fibers by single-fiber EMG.
Unfortunately, however, experimental studies of regenerated fibers in aldose reductase-
treated diabetic rats have demonstrated incomplete structural maturation of the nodal
apparatus and impaired myelination of regenerated fibers in diabetic rats as compared to
nondiabetic control animals. These defects were associated with incomplete functional
maturation of regenerated fibers (49). Therefore, it is possible that the burst of regener-
ation seen following ARI treatment may have some effect as to reinnervation, but may
not achieve the full potential of normal regenerated fibers. Hence, the increase in regen-
erated fibers assessed morphometrically in clinical trials should be interpreted with cau-
tion and their significance as a reparative phenomenon at this time is uncertain.

Repair of dwindling axons and structurally impaired nodes has only been investi-
gated in studies with small numbers of patients. However in one such study, repair of
both nodal changes and axonal size appeared to correlate with small increases in
nerve conduction velocity (16). The functional and clinical significance of these
reparative changes of the axon and the node of Ranvier will have to be confirmed in
large-scale studies. Therefore, these measures of fiber regeneration and repair should be
used as logical indicators of drug efficacy in clinical trials. Unfortunately, except for
nerve-fiber regeneration, the significance of which is unsettled, these analyses have not
been performed in recent large-scale biopsy trials. For instance, axonal atrophy should
be assessed using more sensitive techniques such as ultrastructural assessments and/or
teased fiber analysis as mentioned above. Similarly the reparative changes of previous
nodal pathology as well as those of segmental demyelination can be accurately assessed
and quantitated utilizing single teased fibers.

As mentioned previously, qualitative differences exist in the neuropathology of dia-
betic neuropathy between IDDM and NIDDM patients. Therefore, it will be paramount
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in future clinical trials, in which morphometric assessment is contemplated, to separate
these two patient groups in the evaluation of morphometric data, since combining data
sets from the two groups may mask improvements occurring in one group but not in
the other.

In summary, the usefulness of morphometric analyses of peripheral nerve biopsies as
indicators of drug efficacy is questionable. This is an invasive procedure associated
with extremely high costs of analysis and, as employed today, will not provide any
information in addition to what can be obtained from carefully performed electrophysi-
ological measurements. However, the very large biopsy material that has accumulated
from several clinical trials and which has been only partially examined, could serve as
an extremely valuable source for systematic examinations of the natural history of this
diverse and complex disease accompanying the two types of diabetes.
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INTRODUCTION

Current estimates suggest there are 14 million people in the United States with dia-
betes mellitus and the number of afflicted individuals is increasing by 5% per year (1).
In 1992, the direct and indirect costs in the United States of diabetes was $92 billion.
Neuropathy is a common complication of diabetes and occurs in approximately 50% of
diabetic patients during the course of their disease (2). Neuropathic sequelae, including
foot infections, nonhealing foot ulcers, and amputations, make diabetic neuropathy the
most morbid and costly diabetic complication (3). In this chapter, we will discuss the
management strategies we used in our clinics for patients with diabetic neuropathy. As
background material, the authors will first briefly review the classification and patho-
genesis of diabetic neuropathy (for a more complete discussion of these topics, the
reader is referred to Greene and colleagues, ref 2). Then, the therapeutic approach we
have used for the care of patients with diabetic neuropathy will be discussed.

CLASSIFICATION

Diabetic neuropathy comprises a set of distinct clinical syndromes. The signs and
symptoms of each syndrome depend on which part of the nervous system is
compromised by chronic hyperglycemia. The most common type of diabetic
neuropathy is distal, symmetric sensorimotor polyneuropathy (DPN), characterized by
progressive distal sensory, and in severe cases, motor dysfunction caused by loss of
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Table 1
Classification of Diabetic Neuropathy

Distal symmetric sensorimotor polyneuropathy (DPN)

Diabetic autonomic neuropathy (DAN)

Diabetic polyradiculopathy
L-2, L-3, L-4 roots: diabetic amyotrophy
T-4-T-12 roots: diabetic thoracic radiculopathy
L-5, S-1 (S-2) roots
C-5, C-6 (C-7-T-1) roots

Diabetic polyradiculopathy plus DPN

Diabetic cranial mononeuropathies

Diabetic limb mononeuropathies
Upper-extremity mononeuropathies
Lower-extremity mononeuropathies

Diabetic mononeuropathy multiplex

Adapted from: Feldman EL, Greene DA, Stevens MJ. Diabetic
neuropathy. In: Rose BD, ed. UpToDate™ (CD-ROM), vol. 4(3),
1996.

sensory and motor axons. Diabetes also damages: the autonomic nervous system,
resulting in diabetic autonomic neuropathy; thoracic and lumbar nerve roots, produc-
ing diabetic polyradiculopathy; isolated peripheral nerves, particularly median, ulnar,
and femoral nerves, yielding diabetic mononeuropathies; and cranial nerves, especially
the third nerve, producing cranial mononeuropathies. Commonly encountered diabetic
neuropathies are presented in Table 1. This review will focus on DPN. The reader is
referred to reviews by Greene et al. (2) and Feldman et al. (4) for the author’s approach
to patients with autonomic neuropathy, polyradiculopathy, and both peripheral and cra-
nial mononeuropathies.

DISTAL SYMMETRIC SENSORIMOTOR POLYNEUROPATHY (DPN)

Estimates of the prevalence of DPN vary, depending on which criteria are used for
diagnosis and which patient population is examined (5-7). Review of multiple studies
suggests that 50% is a reasonable estimate. Pirart examined 4400 outpatients with dia-
betes over a period of 25 yr. Twelve percent of patients had neuropathy at the onset of
their diagnosis. Prevalence of neuropathy correlated with diabetes duration, and, by the
end of the study, 50% of patients had DPN (8). In the United Kingdom, a multicenter
study of 6487 patients reported the prevalence of DPN reached 44% in patients 70 yr of
age or older (9). In the Rochester Diabetic Neuropathy Study, 45% of type I and 54% of
type II diabetic patients had DPN (10). In the Pittsburgh Epidemiology of Diabetes
Study, 58% of type I patients 30 yr of age or older had DPN (11). Fedele and colleagues
examined 8757 diabetic patients from 109 clinics in Italy and diagnosed DPN in 32.3%
of patients; severity of DPN correlated with duration of diabetes (12).

DPN is initially manifested as a sensory disorder of the feet, reflecting distal axon
loss. With disease progression, sensation loss ascends up the legs. When DPN reaches
midcalf, patients commonly notice sensory loss in the hands. This slow progression
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over time results in the classical “stocking-glove” sensory loss. Early altered sensation
in DPN commonly reflects the loss of large and small myelinated as well as unmyeli-
nated nerve fibers. Large myelinated fibers carry vibration and proprioception, whereas
small myelinated and unmyelinated nerve fibers transmit pain, light touch, and temper-
ature sensation. Patients with DPN usually have signs corresponding to loss of all three
fiber types. These signs include decreased vibration and light touch, altered temperature
sensation, and poor pain perception. Symptoms are highly variable in patients with
DPN (10,13). Patients with “positive” symptoms complain of pain, paresthesias, and/or
dysesthesias. More frequently, patients have “negative” symptoms with few or no sen-
sory complaints, but identifiable sensory loss on examination (10,13).

Weakness, especially of the toes and ankles, is a late sequelae of DPN seen in severe
cases. Progression of sensory loss with onset of weakness predisposes to ulceration for-
mation. Ulceration is commonly divided into two categories: acute and chronic. Acute
foot ulcers occur when improper footwear results in dermal abrasion in a patient with
poor or absent sensation. Chronic ulceration is more likely multifactorial, occurring in
patients with not only DPN, but also autonomic neuropathy and compromised vascular
supply. Motor axonal loss produces atrophy of intrinsic foot muscles and a disparity in
the strength between toe extensors and flexors. Over time, afflicted patients develop
chronic metatarsal-phalangeal flexion, commonly referred to as a claw-toe deformity.
This change in foot structure shifts much of the patient’s weight-bearing to his or her
metatarsal heads. This shift can result in callus formation that can fissure, become
infected, and ulcerate. Callus formation and its sequelae are further promoted by sen-
sory loss and vascular insufficiency. Resulting ulcers can, in turn, lead to amputation.
The lifetime risk of amputation in a diabetic patient is estimated at 15% (14) and, in the
United States, approximately 60,000 lower-extremity amputations per year are caused
by the sequelae of DPN (15). Indeed, the most frequent reason for hospitalization of a
diabetic patient is one or more of these complications of neuropathy (76).

Pathogenesis of DPN

Despite intensive investigations, the pathogenesis of DPN remains unknown
(2,16,17). The Diabetes Control and Complications Trial (DCCT) has proven that
hyperglycemia, and not the diabetic state per se, is essential for the development of
DPN (18). Commonly proposed theories for DPN include alterations in the polyol path-
way, vascular insufficiency, abnormal glycation of proteins and lipids, enhanced oxi-
dative stress, altered nitric oxide synthesis, impaired axonal transport, and faulty
neurotrophism (2,16,17). Classically, these theories regarding the pathogenesis of DPN
are placed into one of two categories: metabolic or vascular. 1t is increasingly accepted
that these defects are interrelated and their cumulative interactions result in the devel-
opment of DPN (2,16,17).

The most popular metabolic theory proposes that aldose reductase converts glucose
to sorbitol as part of the polyol pathway. In the diabetic microenvironment, elevated
sorbitol results in reciprocal decreases of myo-inositol and taurine, which become rate-
limiting for essential intracellular metabolism (2,/9-21). The vascular theory, once
considered separate from the metabolic theory, contends that reduced nerve blood flow
and resulting hypoxia/ischemia account for the development of DPN (22-25). It is now
clear that the metabolic and vascular theories are linked on many levels (Fig. 1). Glu-
cose flux through the polyol pathway results in depletion of NADPH and NAD™ (26).
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Fig. 1. Pathogenesis of diabetic neuropathy: Unification of metabolic and vascular theories.
AR, aldose reductase; MI, myo-inositol; LDH, lactate dehydrogenase; GSSG, oxidized glutathione;
GR, glutathionine reductase; GSH, reduced glutathionine. (Used with permission from Feldman
EL, Stevens MJ, Greene DA. Pathogenesis of diabetic neuropathy. Clinical Neuroscience,
4:365-370, 1997).

Without sufficient NADPH, neuroglial cells can not regenerate the glutathionine
needed to detoxify reactive oxygen species. As a result, nervous tissue sustains oxida-
tive damage that decreases nerve endoneurial blood flow and promotes nerve ischemia
(27,28). Activity of the potent vasodilator, nitric oxide (NO), is also tightly linked to
NADPH. NO is synthesized by NO synthase, an NADPH-dependent reaction. Thus,
depletion of NADPH limits NO synthesis, which results in vasoconstriction, ischemia,
and slowing of nerve conduction (29,30).

Currently, treatment strategies based on these theories are testable in the diabetic
rodent. A wide range of interventions in the diabetic rodent are linked with improved
nerve conduction velocity, restoration of blood flow, or return of normal axonal trans-
port rates. Currently, both aldose reductase inhibitors as well as nerve growth factor are
in phase 3 human clinical trials for the treatment of DPN. Recent studies on antioxidant
therapies in rodents are promising and have led to a proposed clinical trial in humans
with the antioxidant a-lipoic acid.

This review will focus on the therapeutic strategies currently available for the treat-
ment of DPN. Further discussion on the use of aldose reductase inhibitors, growth fac-
tors, and antioxidants awaits successful completed clinical trials of these compounds.

TREATMENT

The authors have three treatment strategies in their clinic. They aim first for early
diagnosis of DPN. Early diagnosis allows the authors to implement their second strat-
egy: good glycemic control and foot care. The third approach is focused on the treat-
ment of painful DPN. This strategy is superimposed upon good glycemic control and
foot care.



Table 2
The Differential Diagnosis of Diabetic Neuropathy

I. Distal symmetrical polyneuropathy
A. Metabolic
1. Diabetes mellitus
2. Uremia
3. Folic acid/cyanocobalamin deficiency
4. Hypothyroidism
5. Acute intermittent porphyria
B. Toxic
1. Alcohol
2. Heavy metals (lead, mercury, arsenic)
3. Industrial hydrocarbons
4. Various drugs
C. Infectious or inflammatory
1. Sarcoidosis
2. Leprosy
3. Periarteritis nodosa
4. Other connective-tissue diseases (e.g., systemic lupus erythematosus)
D. Other
1. Dysproteinemias and paraproteinemias
2. Paraneoplastic syndrome
3. Leukemias and lymphomas
4. Amyloidosis
5. Hereditary neuropathies
II. Pains and paresthesias without neurologic deficit
A. Early small-fiber sensory neuropathy
B. Psychophysiologic disorder (e.g., severe depression, hysteria)
III. Autonomic neuropathy without somatic component
A. Shy-Drager syndrome (progressive autonomic failure)
B. Diabetic neuropathy with mild somatic involvement
C. Riley-Day syndrome
D. Idiopathic orthostatic hypotension
IV. Diffuse motor neuropathy without sensory deficit
A. Guillain-Barre syndrome
B. Primary myopathies
C. Myasthenia gravis
D. Heavy-metal toxicity
V. Femoral neuropathy (sacral plexopathy)
A. Degenerative spinal-disc disease (e.g., Paget’s disease of the spine)
B. Intrinsic spinal-cord-mass lesion
C. Equina cauda lesions
D. Coagulopathies
VI. Cranial neuropathy
A. Carotid aneurysm
B. Intracranial mass
C. Elevated intracranial pressure
VII. Mononeuropathy multiplex
Vasculidites
Amyloidosis
Hypothyroidism
Acromegaly
Coagulopathies

moQw>

Adapted from: Greene DA, Feldman EL, Stevens MJ, Sima AAF, Albers JW, Pfeifer MA. Diabetic
neuropathy. In: Porte Jr D, Sherwin RS, Rifkin H ed. Ellenberg and Rifkin’s Diabetes Mellitus, Sth ed.
Appleton and Lange, Stamford, CT 1997, pp. 1009-1076.
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Early Diagnosis of DPN

The early diagnosis of DPN is imperative; it allows for early intervention that signif-
icantly decreases patient morbidity. Unfortunately, there is no one test to diagnose
DPN. It is essential that other causes of neuropathy are excluded before DPN is ascribed
to the diabetic state (Table 2) (2). This is particularly important if there are any atypical
features of the neuropathy, such as rapid progression, marked asymmetry, or motor
greater than sensory weakness.

Historically, DPN was diagnosed based on a pattern of symptoms and signs, includ-
ing loss of light touch or vibratory sensation in the feet and depressed or absent ankle
reflexes (31). In the last 10 yr, several groups have proposed more strict, quantifiable
criteria for the diagnosis of DPN. In 1988, the San Antonio Consensus panel, consisting
of endocrinologists and neurologists, recommended that a patient undergo a panel of
five quantifiable measures for the accurate diagnosis of DPN. These included: a symp-
tom questionnaire, a standardized clinical examination, quantitative sensory testing,
nerve conduction studies, and autonomic function testing. Patients are then classified as
either stage I (no symptoms) or stage II (symptoms) neuropathy and within each stage
are further grades from a to ¢ depending on the number of positive test results and the
severity of their clinical impairment (Table 3) (32). These criteria are currently utilized
in studying the Rochester Diabetic cohort (6,33), and modified criteria have been
employed in several clinical trials, including the DCCT (18,34).

Simpler screening instruments for DPN are also available. These instruments were
developed because patient and physician resources are frequently limited, making com-
pletion of the San Antonio criteria difficult. In the United Kingdom, a two-part symp-
tom and sign score is utilized, yielding a neuropathy disability score. DPN is diagnosed
if patients present with mild signs and moderate symptoms or moderate signs alone,
in the absence of symptoms (9). The authors utilize a similar screening instrument,
developed in their institution (13). The Michigan Neuropathy Screening Instru-
ment, presented in Fig. 2, is used by to screen large numbers of patients. In this simple
examination, the feet are inspected for dry skin, callus, fissure, or ulceration. Then
vibratory sensation is assessed in the great toes and ankle reflexes are tested. A score of
> 2 indicates neuropathy with both a high sensitivity (80%) and specificity (95%) (13).
Because of its simplicity, the Michigan Neuropathy Screening Instrument is also highly
reproducible (35). If appropriate resources exist, the authors grade the severity of a
patient’s neuropathy with a standardized neurological examination (Fig. 3A) and nerve
conduction studies (Fig. 3B). Results of these two examinations give a summated
Michigan Diabetic Neuropathy Score, which can be plotted over time (Fig. 4). Fedele
and colleagues administered the Michigan Neuropathy Screening Instrument to 8757
patients and found that 32% were positive for DPN. Quantification of the severity of
DPN in these patients found that 16% had no neuropathy, 41% mild, 29% moderate,
and 13% severe DPN. Severity of disease correlated with duration of diabetes (12).

Another simple method to screen patients for the presence of DPN is the use of a
10-g nylon monofilament. The filament is pressed against the skin of the sole of the foot
until the filament buckles, indicating a known force has been applied to the sole. If a
patient is unable to perceive the filament, he or she is at increased risk for the complica-
tions of DPN (36,37).
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Table 3
Classification and Staging of Diabetic Neuropathy

CLASS I: Subclinical neuropathy®
A. Abnormal electrodiagnostic tests (EDX)
1. Decreased nerve conduction velocity
2. Decreased amplitude of evoked muscle or nerve action potential
B. Abnormal quantitative sensory testing (QST)
1. Vibratory/tactile
2. Thermal warming/cooling
3. Other
C. Abnormal autonomic function tests (AFT)
1. Diminished sinus arrhythmia (beat-to-beat heart-rate variation)
2. Diminished sudomotor function
3. Increased pupillary latency
CLASS II: Clinical neuropathy
A. Diffuse neuropathy
1. Distal symmetric sensorimotor polyneuropathy
a. Primarily small-fiber neuropathy
b. Primarily large-fiber neuropathy
c. Mixed
2. Autonomic neuropathy
a. Abnormal pupillary function
b. Sudomotor dysfunction
c. Genitourinary autonomic neuropathy
1. bladder dysfunction
2. sexual dysfunction
d. Gastrointestinal autonomic neuropathy
1. gastric atony
2. gall bladder atony
3. diabetic diarrhea
4. hypoglycemic unawareness (adrenal medullary neuropathy)
e. Cardiovascular autonomic neuropathy
f. Hypoglycemic unawareness
B. Focal neuropathy
1. Mononeuropathy
2. Mononeuropathy multiplex
3. Plexopathy
4. Radiculopathy
5. Cranial neuropathy

“ Neurological function tests are abnormal but no neurological symptoms or clinically detectable neuro-
logical deficits indicative of a diffuse or focal neuropathy are present. Class I subclinical neuropathy is
further subdivided into Class Ia if an AFT or QST abnormality is present, Class Ib if EDX or AFT and
QST abnormalities are present, and Class Ic if an EDX and either AFT or QST abnormalities or both are
present.

Adapted from: Consensus panel: report and recommendations of the San Antonio Conference on Dia-
betic Neuropathy. Diabetes 1988; 37:1000—1004.
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Pt Name:

Pt. Identification #:

Date:

MICHIGAN NEUROPATHY SCREENING INSTRUMENT

B. Physical Assessment (To be completed by health professional)

1. Appearance of Feet

Right Left
a. Normal [oYes [OiNo Normal OoYes OiNo
b. If no, check all that apply: If no, check all that apply:
Deformities 0 Deformities O
Dry skin, callus O Dry skin, callus a
Infection O Infection O
Fissure O Fissure O
Other a Other O
specify: specify:
Right Left
Absent Present Absent Present
2. Ulceration Oo 0O: 0o O
Present/ Present/
Present  Reinforcement  Absent Present  Reinforcement Absent
3. AnkleReflexes o Oo.s (B Oo Oos h
Present Decreased Absent Present Decreased Absent
4. Vibration Oo Oo.s (B Oo Oos h
perception at
great toe
Signature:, TotalScore___ /8 Points

Fig. 2. Michigan Neuropathy Screening Instrument. A score of > 2 indicates DPN. (Used with per-
mission from Feldman EL, Stevens MJ, Thomas PK, Brown MB, Canal N, Greene DA. A practical
two-step quantitative clinical and electrophysiological assessment for the diagnosis and staging of
diabetic neuropathy. Diabetes Care 1994;17:1281-1289).



A

Sensory Impairment
Right Normal Decreased Absent
Vibration at big toe 0 1 2
10 gr filament 0 1 2
Pin prick on dorsum of Painful Not Painful
great toe 0 2
Left Normal Decreased Absent
Vibration at big toe 0 1 2
10 gr filament 0 1 2
Pin prick on dorsum of Painful Not Painfui
great toe 0 2
Muscle Strength Testing
Right Normal  Mild to Moderate Severe Absent
Finger spread 0 1 2 3
Great toe extension 0 1 2 3
Ankle dorsiflexion 0 1 2 3
Left Normal  Mild to Moderate Severe Absent
Finger spread 0 1 2 3
Great toe extension 0 1 2 3
Ankle dorsiflexion 0 1 2 3
Reflexes
Right Present Present with Reinforcement Absent
Biceps brachii 0 1 2
Triceps brachii 0 1 2
Quadriceps femoris 0 1 2
Achilles 0 1 2
Left Present Present with Reinforcement Absent
Biceps brachii 0 1 2
Triceps brachii 0 1 2
Quadriceps femoris 0 1 2
Achilles 0 1 2
TOTAL:
Sensory
Sural
Median
Ulnar
Motor
Peroneal
Median

/46 Pts.

Fig. 3. Diabetic neuropathy score. (A) A 46-point quantitative neurological examination is combined
with (B) nerve conduction studies. (Used with permission from Feldman EL, Stevens MJ, Thomas
PK, Brown MB, Canal N, Greene DA. A practical two-step quantitative clinical and electrophysio-
logical assessment for the diagnosis and staging of diabetic neuropathy. Diabetes Care 1994;

17:1281-1289).
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CRTN PATIENT INTITALS |PATIENT STUDY NUMBER VISIT DATE

I |

DAY MONTH __ YEAR

Date Date Date D
VISIT ate Date
Abnormal| Clinical | Score Score Score Score Score
Nerves rate CLASS
)
; 0
0'1 0-6 §
S no neuropathy
5
6
>0
</
7 1
p) 1
7-12 :tl) mild
1 : neuropathy
>12
<13

34| = 2

13-29

2 moderate
2 neuropathy

>29
<30

31
k73
33

35
5 3046 35 3
38
39
o severe
41

" neuropathy

43

45

Fig. 4. The Michigan Diabetes Neuropathy Score (MDNS). Each patient is given a composite score
based on the number of abnormal nerve conductions and the number of points scored on the clinical
examination. For example, if a patient had abnormal conduction in two nerves and 12 points on the
clinical examination, he would have received a score of 2.12. (Used with permission from Feldman
EL, Stevens MJ, Thomas PK, Brown MB, Canal N, Greene DA. A practical two-step quantitative
clinical and electrophysiological assessment for the diagnosis and staging of diabetic neuropathy.
Diabetes Care 1994;17:1281-1289).
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Glycemic Control and Foot Care

Once DPN is diagnosed, glycemic control and foot care is emphasized. The DCCT
clearly demonstrates that improved glycemic control decreases the frequency of DPN
in patients with type I diabetes mellitus. A 60% decrease of the incidence of clinical
DPN was reported in the combined primary- and secondary-prevention cohorts (18).
Good glycemic control requires patient education. The authors instruct their patients
on the importance of diet and regular glucose monitoring. This is done using a team
approach consisting of a diabetes nurse educator, a dietitian, and a physician.

The authors also teach good foot care (38—40). Patients are instructed to inspect their
feet each night. The importance of examining the feet for evidence of dry skin, cracking
or fissuring of the skin is explained. They also educate the patients to look for plantar
callus formation. Patients are taught to inspect the area between the toe nails and toes
for evidence of redness or early infection. All patients are sent to a podiatrist who regu-
larly cuts their toe nails and trims any calluses. Patients use a mirror to examine the bot-
tom of their feet if it is difficult for them to visualize their feet otherwise.

The authors emphasize proper footwear. The importance of footwear is well-docu-
mented (2,41-43). Shoes must offer cushioning at the points of contact between the
foot and the shoe and must also accommodate any inherent or acquired foot deformi-
ties (41—43). For patients with mild neuropathy, cushioned socks (44) and high-qual-
ity athletic shoes with adequate room for the forefoot and toes are suggested (45). In
more severe cases, patients require customized inserts or molded shoes (41—43).

If, despite the current program, the patient develops an ulcer, the authors utilize a
regimen developed at Milton S. Hershey Medical Center, Hershey, Pennsylvania by
Caputo, Cavanagh, and Ulbrecht (46). This regimen was adapted to meet their own
preferences for routine screening for DPN. We first determine if the ulcer appears
infected. If there are no signs of infection or inflammation, we begin a program of strict
nonweight bearing and meticulous wound care. A total-contact cast is used in some
cases. Signs and symptoms of a mildly infected ulcer include a superficial appearance
with limited cellulitis and no evidence of bone or joint involvement. Aerobic gram-
positive cocci or streptococci are the most common pathogens of mild foot infections
(47,48). In these patients, we couple a program of strict nonweight bearing and metic-
ulous wound care with antibiotic therapy. We define a limb-threatening infection as a
full-thickness ulcer with > 2 cm of cellulitis. Many of these patients do not appear sys-
tematically ill and are not febrile, but do experience more difficulty with hyper-
glycemia. In parallel, affected patients may or may not have signs of bone or joint
involvement or serious ischemia (36,48). Aerobic gram-positive cocci are also patho-
genic in these deeper, limb-threatening infections, along with gram-negative bacilli and
anerobes (47—49). We aggressively treat these patients. Our plan includes admission to
the hospital, when needed, coupled with meticulous wound care, strict nonweight bear-
ing, antibiotic therapy, early surgical debridement, drainage and, if required, amputa-
tion. In cases of both mild and limb-threatening infections, we obtain cultures prior to
beginning empirical treatment, and modify our antibiotic regimen as needed.
Our approach is outlined in a flow diagram, adapted from Caputo and colleagues (36)
(Fig. 5).
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Yearly Testing With Michigan Neuropathy S ing Instrument

Y

No apparent infection Mild infection Limb-threatening infection
(no signs of inflammation or (superficial, <2 cm of cellulitis, (full-thickness ulcer, >2 cm of cellulitis,

drainage or evidence of no serious ischemia, no with or without lymphangitis,

osteomyslitis on plain bone or joint involvement), bone or joint involvement, and
radiograph) patient reliable, systemic toxicity, or
good home support serious ischemia),
patient unreliable,
v poor home support

Loss of protective sensation,

no ulcer +

Strict non—-weight-bearing regimen Strict non-weight-bearing regimen, Admission to hospital,
{usually with total-contact cast) appropriate cultures, strict non-weight-bearing regimen,
and meticulous wound care empirical antimicrobial therapy, metabolic or glycemic control,
meticulous wound care, and appropriate cultures,
close follow-up empirical antimicrobial therapy,
early surgical intervention

\ (débridement, drainage, and
amputation as indicated),
and meticulous wound care

Healing - (later revascularizqtion,
amputation, and revision as

v indicated)

Litelong program of proper footwear,
e education, and close foliow-up

for routine callus and nail care

Fig. 5. Management of prevention of neuropathic foot ulcers in patients with diabetes mellitus. (Used
with permission from Caputo GM, Cavanagh PR, Ulbrecht JS, Gibbons GW, Karchmer AW. Assess-
ment and management of foot disease in patients with diabetes. New Engl J Med 1994;331:854-860).

Acute and Chronic Painful DPN

We utilize a stepwise treatment protocol for our patients with painful DPN (2,50).
We (2,50) and others (51,52) find that patients with acute painful DPN (defined as pain
of less than 6-mo duration) have a better long-term prognosis than chronic painful DPN
(symptoms of greater than 6-mo duration). We use the same management guidelines for
glycemic control and foot care in all patients, regardless of their degree of pain.

Table 4 lists the drugs that we use in our clinics for the treatment of painful DPN.
Generally, we restrict our use to those therapies that have been shown to be effective in
double-blind, placebo-controlled trials. We find that nonsteroidal anti-inflammatory
drugs provide relief, particularly in patients with chronic painful DPN. In these patients,
we believe that joint pain is a major contributor to their discomfort (2). In a double-
blind, placebo-controlled trial, both ibuprofen (600 mg four times per day) and sulindac
(200 mg two times per day) effectively decreased pain associated with DPN (53). This
study parallels our own clinical experience. A note of caution, however, is that this class
of drugs cannot be used in patients with renal impairment.
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Table 4
Drugs Used in the Treatment of Painful Diabetic Neuropathy

1. Nonsteroidal drugs 3. Nonaddicting analgesics
Ibuprofen 600 mg qid Carbamazipine 200 mg qid
Sulindac 200 mg bid Garbapentin 900 mg tid

2. Tricyclic antidepressant drugs Mexiletine 150-450 mg/qd
Amitryptiline 50-150 mg at night 4. Others
Nortriptiline 50—150 mg at night Capsacin 0.075% qid
Imipramine 100 mg qd Fluphenazine 1 mg tid
Paroxetine 40 mg qd Transcutaneous nerve stimulation

Adapted from: Feldman EL, Stevens MJ, Greene DA. Treatment of Diabetic Neuropathy. In: Advances
in Endocrinology and Metabolism, Mazzaferri EL, Bar RS, and Kreisberg RA, eds, vol. 5, pp. 393-428,
1994.

The tricyclic antidepressants are the best-studied class of drugs for the treatment of
painful DPN. These drugs prolong norepinephrine inhibition of pain pathways by
blocking norepinephrine uptake in the brain stem and spinal cord (54). In double-blind,
placebo-controlled trials, amyitriptyline, nortriptyline, and imipramine are each effec-
tive in the treatment of painful DPN (50,55,56). If a patient has no history of cardiac
disease or prostatism, we prescribe amyitriptyline, beginning at 10 mg per night. We
increase the dose by 10 mg every 3 days, until the patient is free of symptoms, becomes
intolerant of side effects (sedation and dry mouth) or reaches 100 mg. We keep patients
at 100 mg per night for 1 month. If they continue to experience pain, we use the same
regimen to reach a dose of 150 mg. We rarely use higher doses (up to 300 mg). We have
not observed any increased efficacy at doses greater than 300 mg and we inform
patients that there are reports of worsening neuropathy with amyitriptyline abuse (57).
If a patient is intolerant of amyitriptyline, we substitute nortriptyline. Compared to amy-
itriptyline, nortriptyline is less sedating and its use causes fewer episodes of urinary
retention and orthostasis (50). In patients with cardiac disease, the tricyclic antidepres-
sant of choice is doxepin; we use the same paradigm for doxepin as for amyitriptyline.
There are isolated examples of the efficacy of other antidepressant medications in the
treatment of DPN. Of these, two serotonin-uptake inhibitors, trazadone (58) and parox-
etine (59), are effective. We use paroxetine, up to doses of 40 mg and have observed
good relief of symptoms (59,60). We do not combine a tricyclic antidepressant with a
serotonin-uptake inhibitor.

If a patient continues to experience disabling pain, a second drug is added to their
therapeutic regimen. We have recently begun adding gabapentin. We begin at 300 mg
three times per day, and double the dose at weekly intervals until we reach 900 mg three
times per day or the patient becomes intolerant of side effects (unsteadiness, sleepi-
ness). In many patients, this therapy has proven so effective that we discontinue the
antidepressant medication. Carbamazepine also is a good drug to add to either a tri-
cyclic antidepressant or a serotonin-uptake inhibitor. Double-blind, placebo-controlled
trials reveal it provides symptomatic relief to a large percentage of afflicted patients
(61,62). We initiate therapy at 100 mg two times per day and increase by 100 mg each
week until the patient reaches a dose of 200 mg three times per day or becomes intoler-
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ant of the common side effects: nausea, dizziness, and a truncal rash (63). Patients must
have total blood counts after the first month of therapy and monthly thereafter for 3
months because of reported cases of leukopenia and even pancytopenia (63). Blood lev-
els of carbamazepine can be measured and we aim for levels between 8-12 mg/mL. We
have not found phenytoin to be useful as a substitute for carbamazepine in the treatment
of painful DPN (64).

In patients who are on two medications and are still experiencing significant discom-
fort, we frequently add capsaicin cream, a topical therapy that inhibits the uptake of sub-
stance P at sensory endings (65,66). Patients are instructed to apply capsaicin cream
(0.075%) four times per day, the same regimen that was successful in a double-blind,
placebo-controlled trial (65,66). We warn our patients that for the first 1 to 3 days of
therapy, they might experience an increase in pain, prior to experiencing any pain relief.

If these therapeutic strategies fail, we discontinue the second drug (gabapentin or
tegretol) and institute a new, third drug. Our first choice is the cardiac antiarrhythmic
drug mexiletine (67,68). After the patient is seen by a cardiologist who agrees to admin-
istration of the drug, mexiletine is begun at 150 mg per day and increased in 150 mg
increments until the patient reaches 450 mg per day or becomes intolerant of side effects
(nausea, rash). We find mexiletine is effective in a percentage of our patients who oth-
erwise were refractory to treatment (69). We rarely use iv lidocaine, although this car-
diac antiarrhythmic drug is also effective in the treatment of painful DPN (70,71). Our
patients dislike the hospitalization and cardiac monitoring required to administer the
drug. In parallel, although there are reports that phenothiazines are also effective in
the treatment of painful DPN (72), we do not use this class of drugs. The long-term
side effects, particularly the facial and oral dyskinesias, are not acceptable to our
patients.

If a patient remains refractory to these treatment strategies, we refer them to our
Comprehensive Pain Clinic. There our patients frequently receive local nerve blocks, a
TENS unit, or, in certain patients, acupuncture. Unfortunately, the prognosis for good
pain relief in our patients who require a pain clinic referral is low.

SUMMARY

In summary, we take a systematic, stepwise approach to patients with DPN
(2,13,50,73,74). This approach ensures optimal patient care and decreases the risks for
both short- and long-term disability. We are optimistic that future therapies hold
promise, particularly those therapies targeted towards ameliorating the metabolic and
vascular compromise imposed upon the peripheral nervous system by continued hyper-
glycemia.
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INTRODUCTION

Neuropathy is a common complication of diabetes mellitus; up to 50% of diabetic
patients show clinical evidence of neuropathy after 25 yr of the disease (/). In the past,
the etiology of diabetic neuropathy had been widely debated, although a correlation
with hyperglycemia had been suggested (2). Whether tight blood glucose control could
prevent the development of neuropathy and other complications of diabetes had not
been convincingly proven. The recently completed prospective multicenter Diabetes
Control and Complications Trial (DCCT) was designed to specifically evaluate whether
intensive insulin treatment would delay the appearance of or slow the progression of
diabetic retinopathy, nephropathy, and neuropathy (3). This chapter reviews the design
and results of the DCCT and discusses the clinical implications of the findings.

CLASSIFICATION OF DIABETIC NEUROPATHY

For classification purposes, diabetic neuropathy can be divided into focal and diffuse
neuropathies. The focal neuropathies, including mononeuropathies, mononeuropathy
multiplex, brachial and lumbosacral plexopathies, radiculopathies, and cranial neu-
ropathies are caused by occlusion of the vasa nervora causing microinfarcts in the nerve
fascicles (4). Patients with diabetes are also more prone to developing focal compres-
sive neuropathies, such as carpal- and cubital-tunnel syndrome, caused by swelling of
the endoneurial tissues.
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The diffuse neuropathies include distal symmetrical polyneuropathy (DSP) and
autonomic neuropathy. In DSP the long myelinated axons are primarily affected (5),
resulting in involvement of the feet initially, and later the hands (stocking and glove dis-
tribution). Sensory nerves demonstrate more clinically obvious abnormalities than
motor nerves (6). Involvement of large-nerve fibers results in pain, impairment of light
touch, vibration, and proprioception, with loss of ankle reflexes and impairment in bal-
ance. Weakness and atrophy of the intrinsic muscles of the hands and feet may result in
impaired dexterity and ambulation. If small-nerve fibers are affected, pain and tempera-
ture sensation may be impaired leading to paresthesias, dysesthesias, and autonomic
abnormalities. Late complications include development of foot deformities, foot ulcers,
and neuroarthropathy with Charcot joints (7).

Diabetic patients may develop autonomic neuropathy (parasympathetic and/or sym-
pathetic involvement) with sudomotor dysfunction, cardiac arthythmias, impaired night
vision, urinary retention, orthostatic hypotension, sexual dysfunction, and gastrointesti-
nal disturbances (7). Pathological abnormalities have been noted in the paravertebral
sympathetic chain, intrinsic nerves of the bladder, vagus nerve, and esophageal and
splanchnic nerves (8—11).

PATHOLOGY AND PATHOGENESIS OF DIABETIC NEUROPATHY

The pathologic abnormalities seen in the peripheral nerves include atrophy and loss
of both large and small myelinated nerve fibers, with evidence of Wallerian degenera-
tion, paranodal demyelination, and swelling of endoneurial connective tissue (12).
There may be several pathogenetic events. The preferential involvement of large myeli-
nated fibers suggests a primary axonopathy (5,/3). The finding of segmental demyeli-
nation and remyelination in the nerves of some diabetic individuals also suggests an
abnormality of Schwann cells (/4,15). In addition, neural ischemic changes may result
from endoneurial vascular abnormalities and vessel occlusion (16).

Although there are thought to be several pathogenetic mechanisms involved in the
development of DSP and autonomic neuropathy, hyperglycemia appears to be the pri-
mary initiating factor causing a number of biochemical abnormalities that result in
nerve injury (7). For example, chronic hyperglycemia can lead to glycation of neural
proteins, resulting in decreased axonal transport and impaired nerve conduction (17).
Hyperglycemia can also competitively inhibit the neural uptake of myo-inositol, a
neural membrane component, leading to an impairment in nerve function (18). In addi-
tion, elevated blood-glucose levels causes a shunting of glucose to the polyol metabolic
pathway, resulting in an accumulation of sorbitol and a decrease in neural myo-inositol
(19). Furthermore, an increase in glucose metabolism through the polyol pathway leads
to decreased formation of nitric oxide, causing reduced neural blood flow and nerve
ischemia (20).

STUDIES SUPPORTING THE CORRELATION
BETWEEN HYPERGLYCEMIA AND DIABETIC NEUROPATHY

Several early animal studies suggested a correlation between hyperglycemia and
impaired nerve function. Nerves of diabetic animals were shown to contain elevated
levels of glucose, sorbitol, and fructose, and decreased levels of myo-inositol, that cor-
related with slowed nerve conduction velocities (21-24). In at least one study, nerve
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conduction slowing could be prevented with insulin administration and improved glu-
cose control (24).

In humans, the frequency of diabetic microvascular complications, including neu-
ropathy has been shown to correlate with the duration and severity of hyperglycemia
(1,25,26). Several series of diabetic patients have noted a correlation between hyper-
glycemia and nerve conduction velocities (27-29) and demonstrated an improvement in
velocities following insulin treatment (30-36).

Overall, many early series supported the notion that the development and severity of
peripheral neuropathy was directly related to glycemic control, and that treatment could
prevent or slow the progression of clinical neuropathy. Unfortunately, these series were
generally limited by factors including retrospective and uncontrolled study design, and
small patient numbers (2).

DCCT METHODOLOGY

The DCCT, initiated in 1982, was a multicenter National Institutes of Health-
sponsored randomized clinical trial designed to compare the effects of intensive insulin
therapy with conventional diabetes treatment on the development and progression of
vascular and neurologic complications in patients with insulin-dependent diabetes mel-
litus (IDDM) (37). Retinopathy was chosen as the principal outcome measure;
nephropathy, cardiovascular disease, and neuropathy were assessed conjointly (38).
Patients were divided into two study cohorts based on whether they had evidence of
retinopathy at study onset. A primary-prevention cohort was evaluated to determine
whether intensive insulin therapy could prevent the development of long-term compli-
cations in patients with no evidence of retinopathy at baseline. A secondary-interven-
tion cohort was studied to determine whether intensive insulin treatment could affect
the progression of complications in patients who already had mild-to-moderately severe
nonproliferative retinopathy at study onset (39).

Prior to initiation of the full-scale DCCT, a 1 yr feasibility study was undertaken
(38,40,41). Two hundred seventy-eight patients (191 adults and 87 adolescents with
IDDM) were enrolled. The DCCT methodology was shown to be reliable, reproducible,
and precise, and adherence to study protocol was > 95% (38).

Based on these findings the full-scale, multicenter DCCT was initiated. Patients from
29 centers were enrolled from 1983-1989; the trial was terminated in 1993. To be eligi-
ble for study inclusion, subjects were to be 13-39 yr old with IDDM diagnosed by defi-
cient C peptide secretion. Subjects had to have glycosylated hemoglobin levels greater
than 6.6% and either serum creatinine < 1.2 mg/dL or creatinine clearance > 100
mL/min/1.73 m? body surface area. In addition, subjects had to be free of advanced
microvascular complications of diabetes, including diabetic somatic or autonomic neu-
ropathy severe enough to warrant treatment (4/). Criteria for the primary-prevention
cohort included IDDM duration 1-5 yr, no evidence of retinopathy based on seven-field
steroscopic fundus photography, and urinary albumin excretion < 40 mg/24 h. Eligibil-
ity criteria for the secondary-intervention cohort included duration of IDDM 1-15 yr,
very mild-to-moderate nonproliferative retinopathy (42), and urinary albumin excretion
< 200 mg/24 h (37,40). Subjects in both the primary-prevention and secondary-inter-
vention cohorts were randomly assigned to one of two treatment regimens, conventional
treatment, or intensive insulin therapy.
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The goal of conventional (standard) therapy was to keep the patient free from symp-
toms of hypo- or hyperglycemia, avoid development of ketonuria, maintain normal
growth, and development in adolescents, and maintain ideal body weight in all subjects
(37). The conventional treatment regimen consisted of 1-2 daily injections of any mix-
ture of short-acting, intermediate, or long-acting pork, beef/pork, or human insulin (43).
Clinic visits were every 3 mo; routine education regarding diet, exercise, and insulin
administration was provided. Patients were to monitor their urine or blood glucose on a
daily basis, although no predetermined metabolic targets were set, and insulin dosage
was not routinely adjusted based on this monitoring. Glycosylated hemoglobin levels
were drawn every 3 mo. Although the investigators and patients were masked to the
results, the investigators were notified if the HbA,. rose above 13.1%. The insulin
dosage was subsequently adjusted and HbA . was then measured monthly until it was
again < 13.1% (43). If female patients became pregnant or planned to become preg-
nant, the protocol mandated that they switch to intensive therapy; they were switched
back to conventional therapy after delivery (43).

The goal of intensive therapy was to maintain glycemic control as nearly normal as
possible, avoiding significant hypoglycemic episodes. Specific metabolic targets
included maintenance of preprandial blood glucose 70-120 mg/dL, postprandial blood
glucose < 180 mg/dL, a weekly 3:00 AM measurement > 65 mg/dL, and HbA . within
normal range (< 6.05%). Subjects were seen in the clinic on a weekly basis, until meta-
bolic targets were reached, and monthly thereafter. They were contacted by phone at
least on a weekly basis. More intensive dietary instruction was provided in contrast to
the conventional treatment group.

Subjects were administered insulin subcutaneously, by three or more injections per
day, or by continuous subcutaneous infusion via an external pump. The latter was main-
tained at a basal rate and supplemented by bolus doses before meals, and if necessary,
before large snacks (40). Patients could switch from one route of administration to the
other if their glycemic control was inadequate or if they preferred. Subjects monitored
their blood glucose at least four times per day. Insulin dosage was adjusted based on the
metabolic targets detailed above (43).

A standardized neurologic history and examination was performed on all subjects by
blinded DCCT neurologists at baseline, 5 yr, and study end (44). Uniform criteria were
established for the diagnosis of diabetic somatic neuropathy, and consisted of symp-
toms (paresthesias, dysesthesias, burning pain, or hypersensitivity to touch), signs
(abnormal light touch, joint position sense, temperature, and pinprick), and absent or
decreased muscle stretch reflexes. Abnormal findings in any two of these three cate-
gories was considered to indicate definite clinical neuropathy (44).

Following the clinical examination, nerve conduction studies were performed. These
included evaluation of median motor, median sensory, peroneal motor, and sural sen-
sory distal latencies, amplitudes, and conduction velocities, and median and peroneal
F-wave latencies according to a standard protocol (4] ). Results were reviewed at a coor-
dinating center. Nerve conduction was considered abnormal if there were abnormalities
in at least two distinct nerves in two different limbs (44).

Three autonomic nervous system (ANS) tests were performed at baseline and every
2 years thereafter. Studies included heart-rate variation during deep breathing (RR vari-
ation) and during a Valsalva maneuver (Valsalva ratio), and postural blood pressure
testing (44). ANS testing was considered abnormal if RR variation was < 15, Valsalva
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Table 1
Baseline Demographics of the Study Cohorts (44)

Primary Prevention Cohort ~ Secondary Intervention Cohort

Conventional Intensive Conventional Intensive
Therapy Therapy Therapy Therapy
Patients (n) 378 348 352 363
Age (yr) 26 £ 8 27 =17 27 =17 27 =17
Gender
Males 54% 49% 54% 53%
Females 46% 51% 46% 47%
Duration of IDDM (yr) 2.6 + 14 26 + 14 8.6 £ 3.7 89 + 38
HbA . 88 £ 17% 88 £ 1.6% 89 + 1.5% 9.0 = 1.5%

Values are expressed as mean = SD.

ratio < 1.5 with an RR variation < 20, or postural hypotension (10 mmHg drop in dias-
tolic blood pressure) with a blunted catecholamine response (44).

The development and progression of diabetic retinopathy and nephropathy were also
evaluated. The related protocols are detailed elsewhere (37).

In the DCCT, the main neurologic endpoint was the development of confirmed clin-
ical neuropathy, defined as clinical neuropathy plus abnormal nerve conduction studies
or ANS testing.

DCCT RESULTS

Patient Demographics and Adherence to Study Protocol

A total of 1441 patients with IDDM were enrolled in the DCCT; 726 had no retinopa-
thy at baseline (primary-prevention cohort) and 715 had mild retinopathy (secondary-
intervention cohort). Pertinent baseline demographics are detailed in Table 1.

The mean duration of follow-up for the entire study population was 6.5 yr (range
3-9 yr) (37). Ninety-nine percent of the patients completed the study, yielding a total of
9300 patient-years of observation (44). Two hundred seventy-eight patients (19%) were
studied for a total of 9 yr, 1088 patients (76%) for 5 yr. Eleven patients died and 8
dropped out of the study (37).

Forty-nine patients switched from intensive to conventional therapy during the study,
whereas 106 patients switched from conventional to intensive therapy. Most in the lat-
ter group were pregnant women required to do so by the study protocol (44).

Metabolic Control

At baseline, there was no difference between glycosylated hemoglobin levels for
patients treated with conventional vs intensive therapy (mean 8.9 * 1.6% for both
groups). However, by 3 mo, patients treated with intensive therapy had significantly
lower HBA, levels (7.2 vs 9.1%, p < 0.001); this persisted for the 5 yr of follow-up
(44). A significant difference was evident for both the primary-prevention and sec-
ondary-intervention cohorts. The blood glucose concentrations also differed signifi-
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Table 2
Incidence of Somatic Neuropathy at Study Baseline (44)
Primary Prevention Secondary Intervention
Cohort Cohort

Conventional Intensive  Conventional Intensive
Therapy Therapy Therapy Therapy

n (%) n (%) n (%) n (%)
No neuropathy 281 (74.5) 264 (76.3) 219 (62.2) 216 (59.5)
Definite clinical neuropathy® 17 4.5) 22 (6.4) 46 (13.1) 49 (13.5)

Confirmed clinical neuropathy® 8 (2.1 17 (4.9) 33 (9.4) 34 9.4)

“ Defined as abnormalities in at least two of the following: symptoms, sensory examination, or decreased
or absent muscle stretch reflexes.

b Defined as clinical neuropathy plus either abnormal nerve conduction studies or autonomic nervous
system tests

cantly between treatment groups; the mean blood glucose level for the intensive therapy
group was 155 * 30 mg/dL compared to 231 * 55 mg/dL for the conventional treat-
ment group (p < 0.001) (37).

Retinopathy and Nephropathy

For the primary-prevention cohort, intensive therapy reduced the risk for the devel-
opment of retinopathy by 76% (95% CI, 62-85%) compared to conventional therapy. In
the secondary-intervention cohort, intensive therapy slowed the progression of
retinopathy by 54% (95% CI, 39-66%). Progression to laser photocoagulation was
reduced by 56%. For the entire study population, intensive therapy reduced the devel-
opment of microalbuminuria by 39% (95% CI, 21-52%) and of albuminuria by 54%
(95% CI, 19-74%) (37).

Macrovascular Complications

For the combined study cohort, intensive therapy significantly reduced the develop-
ment of mean total cholesterol, low-density lipoprotein cholesterol, and triglycerides.
Although not statistically significant, in part because of the small number of outcome
events, intensive therapy reduced the risk of cardiovascular and peripheral vascular
events by 41% (39).

Neurologic Outcomes

The presence of somatic neuropathy at baseline is detailed in Table 2. Ninety-two
patients (6%) had confirmed clinical neuropathy at study onset. For the patients without
neuropathy at baseline, there was a significant reduction in the risk for the development
of neuropathy over a 5-yr period for patients treated with intensive therapy (Table 3). In
the primary-prevention cohort, only 2.8% of patients treated with intensive therapy
developed confirmed clinical neuropathy compared to 9.6% of the conventional treat-
ment group (risk reduction of 71%, p < 0.01). For the secondary-intervention cohort,
6.7% of patients in the intensive therapy group developed neuropathy compared to
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Table 3
Risk of Developing Somatic Neuropathy at 5 Years (44)

Primary Prevention
Cohort Secondary Intervention Cohort Combined Cohort

Conventional Intensive Risk Conventional Intensive  Risk Risk
Therapy Therapy Reduction Therapy  Therapy Reduction Reduction
n (%) n(%) (95% Cl) n (%) n(%) (95% CI) (95% CI1)

Patients (n)“ 291 248 307 315

Definite 44 (15.2) 17 (6.9) 54 (22-73) 85(21.2) 37 (11.8) 45 (20-62) 48 (29-62)
clinical
neuropathy

Confirmed 28 (9.6) 7 (2.8) 71 (34-87) 52 (16.9) 21 (6.7) 61 (36-76) 64 (45-76)
clinical
neuropathy

“ Patients without neuropathy at study onset.

16.9% in the conventional treatment group (risk reduction of 64%, p < 0.01) (37,44).
The risk reduction was evident even when subjects were stratified for age, gender, renal
status, alcohol, and tobacco use (37,44).

Of the ninety-two patients with confirmed clinical neuropathy at study baseline 5-yr
data was available for eighty-four. Forty-one patients (48.8%) again met the criteria for
clinical neuropathy at 5 yr; in the primary-prevention cohort this included 6 of 12 (50%)
of patients in the intensive-treatment group and 2 of 6 (33%) in the conventional-treat-
ment group, whereas in the secondary-intervention cohort this included 13 of 33 (39%)
of patients in the intensive-treatment group and 20 of 33 (61%) in the conventional-
treatment group (44). Forty-three patients initially diagnosed with neuropathy were
found to have no evidence of clinical neuropathy at 5 yr. Despite what was felt to repre-
sent clinical improvement in these patients, approximately two thirds had no improve-
ment in nerve conduction studies or autonomic nervous system tests (44).

Effect of Therapy on Nerve Function

At baseline, there was no significant difference between the intensive and con-
ventional treatment groups for any nerve conduction measures (45). Patients in the
conventional-therapy group showed significant decreases in sensory and motor-nerve
conduction velocities over the 5 yr of treatment, whereas nerve conduction velocities
either improved or decreased only slightly in the intensive-therapy cohort (44). Treat-
ment had little effect on sensory or motor amplitudes (45). The intensive-therapy group
showed less prolongation of F wave latencies in comparison to the conventional-treat-
ment group (p < 0.001) (44).

Overall, patients in the intensive-therapy group had significantly higher sensory and
motor conduction velocities compared to the conventional-treatment group at 5 yr (45).
Differences between the two treatment groups became apparent after 1 yr of treatment
in the primary-prevention cohort (p = 0.0038) and after 2 yr of treatment in the sec-
ondary-intervention cohort (p = 0.0040) (44).
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Intensive therapy was also shown to slow the progressive decrease in RR variation.
This was evident in the primary-prevention (p = 0.035) and combined study cohorts
(p < 0.005), where the rate of decrease in RR variation was twice as great in patients
treated with conventional therapy (44,46). Although there was no significant therapy
effect on the Valsalva ratio for the individual cohorts, the rate of decrease was three times
greater for the combined cohorts treated with conventional therapy (p = 0.0075) (46).

Glycemic Threshold

The risk of all of the complications studied in DCCT, including retinopathy, microal-
buminuria, and confirmed clinical neuropathy, were found to be continuous over the
entire range of HBA,. values, and was evident for both of the study cohorts and the
combined-study group. The relationship between a decrease in glycosylated hemoglo-
bin levels and reduced risk of these complications was nonlinear and suggested a
constant relative-risk gradient in which proportional reductions in HbA,. levels were
associated with a proportional reduction in the risk of complications. For every reduc-
tion of 10% in HbA,., the risk reductions for the various complications ranged from
21-49% (approx 30% for neuropathy) (47). No glycemic threshold could be deter-
mined; i.e., there was a definable risk for the development of microvascular complica-
tions at all HbA,. levels above the normal range (47).

Complications of Treatment

The major complication in the DCCT trial was severe hypoglycemia. Hypoglycemic
episodes occurred three time more frequently in the intensive-treatment group
(p < 0.001). As well, intensive therapy was associated with a greater frequency of
hypoglycemia-related seizures and coma with 16 episodes per 100 patient-years in the
intensive-therapy group vs 5 in the conventional-therapy group. Hypoglycemic
episodes severe enough to require hospitalization occurred 54 times in the intensive-
treatment group and 36 times in the conventional-therapy group. Mortality did not dif-
fer significantly between treatment groups.

Weight gain was more commonly associated with intensive therapy. The mean
adjusted risk of becoming overweight was increased by 33% in this cohort. After 5 yr of
treatment, patients in the intensive-therapy group had gained a mean of 4.6 kg more
than patients receiving conventional therapy (37).

Cost-Effectiveness of Intensive Insulin Therapy

A recent analysis of DCCT data evaluated the lifetime costs and benefits of intensive
therapy in comparison to conventional treatment (48,49). The annual cost of intensive
therapy was $4000 for multiple daily injections and $5800 for continuous subcutaneous
insulin infusion; conventional therapy cost only $1700 (48). Much of the increased cost
associated with intensive therapy was related to the high frequency of outpatient clinic
visits and self-monitoring of blood glucose.

On the benefit side, assuming that there are 120,000 patients with IDDM in the
United States, implementation of intensive insulin therapy was estimated to result in a
gain of 920,000 years of sight, 691,000 years free from end-stage renal disease, 678,000
years free from lower-extremity amputation, and 611,000 years of life (49). Based on
this data, the DCCT Research Group concluded that an intensive therapy approach was
cost-effective in the management of type I diabetes (48).
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SUMMARY AND IMPLICATIONS

The DCCT was the first well-designed, large, multicentered, prospective trial to
demonstrate convincingly that intensive diabetes treatment could delay the onset and
slow the progression of retinopathy, nephropathy, and neuropathy in patients with
IDDM. For the combined study cohort, intensive therapy reduced the risk of developing
definite clinical neuropathy by 48% and slowed the decline in sensory and motor nerve
conduction velocities, RR variation, and the Valsalva ratio in comparison to patients
treated with conventional insulin therapy.

Several parallel studies have also evaluated the effect of intensive insulin therapy on
the long-term risk of the development and progression of diabetic complications in
patients with IDDM. A recently reported meta-analysis study of 16 smaller randomized
trials showed a significant reduction in the risk of progression of retinopathy (49%) and
nephropathy (34%) in patients treated with over 2 yr of intensive insulin therapy (50).
Similar findings were reported by the Stockholm Diabetes Intervention Study, which
was initiated in 1982 (57). One hundred two patients with IDDM and nonproliferative
retinopathy were randomized to receive either intensive insulin therapy or conventional
insulin treatment and were followed for the development of microvascular complica-
tions over a 7.5-yr period. Mean glycosylated hemoglobin levels fell from 9.5 = 1.3%
to 7.1 = 0.7% in the intensive-therapy group and from 9.4 = 1.4% to 8.5 = 0.7% in the
standard-treatment group. Although the evaluation for neuropathy was less rigorous
than the DCCT, the Stockholm study did demonstrate a trend toward less development
of neuropathic symptoms in the intensive-therapy group. In addition, patients in the
intensive-therapy cohort showed less of a decline in nerve conduction velocities in com-
parison to the conventional-treatment group (p < 0.05) (51).

In diabetic neuropathy, although there is often an irreversible structural component,
caused by permanent axonal injury, there may also be a reversible metabolic component
(19). This notion is supported by the DCCT findings; 51% of patients in the combined
study cohort with confirmed clinical neuropathy at study baseline had no evidence of
neuropathy after 5 yr of treatment. Although this suggests that improved glucose control
might reverse clinical neuropathy, it is important to note, that many of these patients had
no improvement in objective measures of neuropathy, such as nerve conduction studies
and autonomic nervous system tests. Given the relatively small number of patients with
neuropathy at baseline (n = 92), further research is needed to better define the effect of
glycemic control on the reversibility of diabetic neuropathy.

A key finding of the DCCT was that no glycemic threshold was identified. This sug-
gests that for patients with IDDM, improving glycemic control should always result in a
lower risk of developing microvascular complications until HbA, falls below 6.05%.
However, the benefits of tighter glucose control must be weighed against the risk of
potential side effects associated with intensive insulin management. Most important is
the risk of hypoglycemia that can lead to seizures or coma. Because of this it has been
suggested that intensive therapy be avoided or initiated cautiously in patients with a pre-
vious history of hypoglycemic episodes (52).

What are the implications of DCCT with regard to patient age? Although the trial
evaluated patients from 13-39 yr old, there is certainly no reason to think that the results
would not apply to older patients, provided the risks of intensive therapy are considered
on an individual basis. A subanalysis of DCCT data has been evaluated for adolescents,
age 13-17. Reduction in risk of microvascular complications was similar to that for
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adults. The risk of side effects associated with intensive insulin therapy was also simi-
lar, but even more common in adolescents. Eighty-two percent of adolescents had at
least one episode of hypoglycemia requiring assistance. In addition, adolescent patients
treated with intensive therapy had twice the risk of being overweight compared to the
conventional therapy group (53). Given these findings the DCCT has recommended that
adolescents with type I diabetes be treated with intensive insulin treatment, but that
they be monitored closely for complications of therapy. Because severe hypoglycemia
may affect brain development in children, it is recommended that intensive insulin ther-
apy be avoided entirely in patients under the age of 13 (53).

The implications of the DCCT results for patients with type II diabetes mellitus are
uncertain. It has been demonstrated in a multicentered prospective trial of patients with
type II diabetes that intensive insulin therapy can maintain near-normal glycemic con-
trol for over 2 yr without episodes of severe hypoglycemia, weight gain, hypertension,
or lipid abnormalities (53). Previous studies of patients with type II diabetes have also
demonstrated a significant reduction in cardiovascular events because of tighter glucose
control (54,55). A recently concluded prospective study, with a protocol similar to the
DCCT, evaluated 110 patients with type II diabetes for development of microvascular
complications over a 6-yr period. Patients treated with intensive insulin therapy showed
improvement in nerve conduction velocities and RR variation, whereas patients treated
with conventional therapy showed deterioration in these measures (56). Further studies
evaluating larger sample populations are needed to more definitively address the issues
of risks and benefits of intensive insulin therapy in patients with Type II diabetes (57).

Despite the clearly demonstrated cost-effectiveness of intensive insulin therapy (49),
a major concern is whether the intensive therapy program recommended by the DCCT
is one that can be reproduced in everyday clinical practice. Such a program requires fre-
quent physician visits, intensive monitoring, and extensive education, which may be
beyond the scope of what a typical office can provide. Also, patients chosen for partici-
pation in the DCCT were highly motivated and had excellent protocol compliance; it is
unknown whether the average diabetic patient would be able to comply with such a rig-
orous protocol. Regardless, the DCCT has clearly demonstrated that improved glycemic
control, to any extent, results in a lower risk of complications; therefore, benefit can be
conferred by intensive insulin therapy, even if the DCCT methodology cannot be
entirely reproduced.

CONCLUSIONS

The DCCT was the first well-designed large multicenter trial to clearly demonstrate
that intensive insulin therapy and improved glycemic control results in a reduced risk of
the development and progression of retinopathy, nephropathy, and neuropathy in per-
sons with IDDM. Given the significant reduction in the risk of complications, the
improved quality and increased length of life, intensive therapy had been shown to be
cost-effective, despite its higher cost than conventional treatment. Intensive therapy
should be the treatment of choice and should be offered to all type I diabetic patients
between the ages of 13-39, although it should be administered cautiously in patients
with a history of severe hypoglycemic episodes. Further research is needed to assess the
compliance of a DCCT-like protocol for physicians and patients in the community and
to evaluate the benefits of intensive insulin therapy in patients with NIDDM.
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INTRODUCTION

It has been more than 20 yr since the first aldose reductase inhibitor was tested in dia-
betic and galactosemic rats and found to control polyol accumulation (). Since then, a
considerable number of aldose reductase inhibitors have been tested in experimental
and human diabetes and have considerably increased our knowledge in this field (Table
1). A thorough review of work on experimental diabetes would be outside the scope of
this volume; however, the interested reader can find more information in recently pub-
lished extensive reviews. The following chapter will focus on the results from clinical
trials in diabetic neuropathy (2,3).

END-POINTS FOR CLINICAL TRIALS IN DIABETIC NEUROPATHY

Painful symptoms and foot ulcerations are the two most important clinical problems
related to peripheral somatic diabetic neuropathy. The conduction of clinical trials that
test the efficacy of new therapies for painful neuropathy is straightforward: Patients
with this condition are provided trial medication and the primary endpoint is the reduc-
tion of the symptoms, which is expected to occur during a reasonable period after the
treatment has been initiated. In contrast, foot ulcers develop long after the initiation of
events that lead to nerve damage and, by this time, the possibility of restoring the nerve
lesions, or halting their progression, is close to nonexistant. Therefore, if a study was to
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Table 1
ARIs Trials in Human Neuropathy

Duration of

Active

Authors Design Treatment Results

1. Alrestatin

Culebras 1981 Uncntr 5d symptomatic improvement

Handelsman 1981 sb, nonrmd, co 4 mo symptomatic improvement

Fagious 1981 db, rmd 12 wk improvement of symptoms,
VPT and ulnar mcv

2. Sorbinil

Judzewitsch 1983  db, rmd 9 wk improvement of peroneal mcv
and median mcv and scv

Jaspan 1983 sb 3-5 wk symptomatic improvement

Young 1983 db, rmd, co 4 wk improvement of symptoms and
sural sap

Lewin 1984 db, rmd, co 4 wk no improvement

Fagious 1985 db, rmd 6 mo improvement of posterior tibial
mcv and ulnar nerve F wl
and dsl

O’Hare 1988 db, rmd 12 mo no benefit

Guy 1988 db, rmd 12 mo no benefit

Sima 1988 db, rmd 12 mo improvement of symptoms,
sural sap and mfd

3. Ponalrestat

Ziegler 1991 db, rmd 12 mo no benefit

Krentz 1992 db, rmd 12 mo no benefit

4. Tolrestat ’

Ryder 1986 db, rmd 8 wk improvement of median mcv

Boulton 1990 db, rmd 12 mo improvement of paresthetic
symptoms and peroneal mcv

Macleod 1992 db, rmd 6 mo improvement of VPT, median
and ulnar mev

Boulton 1992 db, rmd 12 mo improvement of symptoms,

withdrawal median and peroneal mcv

Giugliano 1993 db, rmd 12 mo improvement of autonomic
measurements and VPT

Giugliano 1995 db, rmd 12 mo improvement of autonomic

measurements and VPT

Abbreviations: sb: single blind, db: double blind, uncntr: uncontrolled, nonrmd: nonrandomized, rmd:
randomized, co: crossover, mcv: motor nerve conduction velocity, scv: sensory nerve conduction velocity,
sap: sensory action potential, wl: wave latency, dsl: distal sensory latency, VPT: vibration perception
threshold, mfd: myelinated fiber density.
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be conducted having as primary endpoint the prevention of foot ulceration, it should
involve patients who have diabetic neuropathy in the early stages and follow them until
they reach the very late stages of the disease. This would mean that a large number of
patients should be followed for prolonged periods of time, even decades, before any
conclusion could be reached.

It is obvious from the above that more practical endpoints should be employed in
order to conduct clinical therapeutic trials that will be financially supported by the phar-
maceutical industry in which efficient development of new medications are of para-
mount importance. In addition, these endpoints should give an accurate and more
detailed picture of the effects of the treatment on the progression of the disease, mainly
to what extent it can restore the already established lesions.

As discussed in Chapter four and five, sural nerve biopsies are the best method in use
today for evaluating new medications. However, as they are invasive, they should be
employed very cautiously and there are cases in which they may be unavailable. In such
cases, electrophysiological measurements should be employed as a surrogate endpoint
(for more details, see Chapter 4). Based on epidemiological data, Dyck and O’Brian
have suggested that a mean change of 2.9 m/s in the combined conduction velocities of
the ulnar, median, and peroneal nerves, or a change of 2.2 m/s in the peroneal nerve
alone should be achieved in order that the results can have meaningful clinical signifi-
cance (4). Additional measurements that should accompany the above endpoints
include assessments of symptoms, signs, and quantitative sensory testing (Chapter 4).

CLINICAL TRIALS WITH ALDOSE REDUCTASE INHIBITORS
Alrestatin

Alrestatin was the first aldose reductase inhibitor (ARI) to be tried in human diabetic
neuropathy. In the first, uncontrolled study conducted in 1981, 10 patients with sympto-
matic neuropathy were treated with iv infusions of alrestatin for 5 d (5). Although
symptomatic improvement was noticed in 7 patients, objective measurements failed to
improve. Therefore, as the trial was not controlled, a placebo effect accounting for the
symptomatic improvement cannot be excluded. No adverse effects of alrestatin were
noticed in this trial.

The next trial included nine diabetic patients with severe symptomatic neuropathy
that had necessitated at least one hospital admission before the study (6). The trial was a
single-blind, non-randomized, placebo crossover that lasted 4 mo. Each patient received
the maximum tolerated oral dose for 2 mo and was on placebo for the other 2. Subjec-
tive improvement was noted by most of the patients (eight out of nine), but electrophys-
iological measurements remained virtually unchanged. The most notable side effects
were nausea, and photosensitivity that was severe in two cases.

Around the same time, the most comprehensive trial of alrestatin was conducted.
Thirty patients with long-standing diabetes and mild-to-moderate neuropathy were
studied in a double-blind, randomized, placebo-controlled trial that lasted 12 wk (7).
Symptomatic improvement, reduction of the sensory impairment score, and improve-
ment of vibration perception threshold and ulnar-nerve conduction velocity were
noticed, but the rest of the electrophysiological measurements in the median, peroneal,
and sural nerves did not show any significant difference.

The above studies-indicated that treatment with ARIs might be helpful in treating dia-
betic neuropathy and also highlighted the need for well-conducted, long-term trials in
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order to fully explore the potential of this new therapeutic approach. On the down side,
the high incidence of side effects of alrestatin prohibited its further development. This led
the way for employing some newly discovered compounds such as sorbinil and tolrestat.

Sorbinil

Sorbinil was the second ARI to be tested in human diabetic neuropathy, and a con-
siderable number of studies have been conducted during the last decade using this drug.
An early study using sorbinil for the treatment of neuropathy was published in 1983 and
included 39 patients with stable diabetes and no clinical symptoms of neuropathy (8).
The design of the study was randomized, double-blind cross-over, and each patient
received active treatment for 9 wk. The results showed a small but statistically signifi-
cant increase of the conduction velocity of the peroneal motor nerve (0.70 m/s), the
median motor nerve (0.66 m/s), and the median sensory nerve (1.16 m/s) during the
treatment with the active drug. Another important finding was that the increase declined
rapidly after cessation of the treatment, so that the nerve conduction velocity was simi-
lar to pretreatment levels 3 wk later. Five patients were withdrawn from the study
because of fever and rash attributed to sorbinil.

In contrast with the previous trial, the ones that followed included mainly diabetic
patients with symptomatic neuropathy. The first studied 11 patients with severely
painful neuropathy that failed to respond to conventional treatment with analgesics or
tricyclic antidepressants (10). In a single-blind design, the patients were treated with
sorbinil for 3-5 wk and the pain relief was measured using a graphic scale. Marked-to-
moderate pain relief was noted in eight patients, usually 3—4 d after being on treatment,
whereas the pain returned to pretreatment levels in seven of the responders when they
stopped taking the drug. The motor and sensory conduction velocities of the median
nerve improved in four patients, whereas the peroneal motor conduction velocity
improved in two patients. It is of interest, however, that in four patients who responded
to the treatment, the pain was related to proximal motor neuropathy, a condition that is
thought to be caused by mechanisms not related to polyol accumulation. No significant
side effects were noted in the 11 patients who finished the study, whereas a twelfth
patient who started the study was withdrawn because of rash.

The next study had a double-blind, randomized, placebo-controlled cross-over
design and included 15 patients with painful symptoms that were present for more than
1 yr (10). The patients were observed for 16 wk but were on active treatment for only
4 wk, either from wk 5-8 or 9-12. Painful symptoms were assessed using a standard-
ized symptom score, whereas other measurements included neurologic findings on clin-
ical examination, vibration perception threshold, motor and sensory nerve conduction
velocities, and autonomic system function tests. A significant number of patients
reported improvement of painful symptoms while on the active treatment, but when the
pain score was calculated using their diaries, no difference was found between sorbinil
and placebo treatment. Significant improvement was also noticed in the sural sensory
potential action, and the rest of the electrophysiological measurements remained
unchanged. The number of patients who withdrew because of side effects (mainly rash
and fever) was increased compared to the previous study; four patients in total had an
idiosyncratic reaction that resolved rapidly after the discontinuation of the drug.

The next trial used the same layout, i.e., double blind, placebo-controlled crossover,
and included 13 diabetic patients with chronic symptomatic neuropathy (mean duration
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of symptoms 6 yr) (/7). The duration of treatment with sorbinil was the same as in the
previous trial, 4 wk out of a total study period of 16 wk. The pain intensity was mea-
sured using a 100-mm visual analog scale, whereas other measurements included vibra-
tion perception threshold, motor and sensory conduction velocities, autonomic function
tests, and duration of sleep. In contrast to the previous study, no difference was found in
any parameter, including the severity of neuropathic symptoms and the objective mea-
surements of peripheral nerve function. In one patient who took sorbinil, side effects
were present in the form of a febrile rash, necessitating his withdrawal from the study.

The above, short-term trials were followed by long-term ones that examined the
effects of aldose reductase inhibition for periods of 612 mo. The first long-term study
included 55 diabetic male patients with symptomatic neuropathy for 6 mo in a double-
blind, placebo-controlled, parallel-group design (12). To avoid a possible long-term
effect of the drug, the authors elected to randomize their patients to active and placebo
treatment and to avoid the cross-over design. Patient assessment included clinical exam-
ination, neurophysiological measurements, thermal and vibration perception thresholds,
and autonomic system function tests.

No significant improvement was found in the sorbinil treated group when it was
compared to the placebo group, although three sorbinil-treated patients reported a
marked overall improvement compared to none from the placebo group. Comparing
these three patients to the whole sorbinil-treated group revealed that their ages were
below the mean group age and their neuropathics, assessed by electrophysiology, were
less severe. All three patients worsened to pretreatment levels when sorbinil was dis-
continued. No significant changes were found in the vibration and thermal discrimina-
tion threshold. From the electrophysiological measurements, improvement was noticed
in the motor posterior tibial nerve conduction velocity (approx 1.5 m/s), F wave latency
of the ulnar nerve, and the distal sensory latency of the ulnar nerve. From the autonomic
tests, a significant improvement in the R R interval variation during deep breathing was
found in the sorbinil-treated group. The number of patients with serious side effects was
smaller in this study; only two patients had to be withdrawn from the study because of
rash and lymphadenopathy.

The next long-term study included 31 patients with mild-to-moderate neuropathy and
lasted for 14 mo (including a 2-mo run-in period) (13). The study was designed as dou-
ble-blind, randomized, placebo-controlled and two thirds of patients were treated with
sorbinil and one third received placebo. Assessments of the patients’ responses were
performed every 3 mo and included the measurement of symptoms such as pain, tin-
gling, and temperature insensitivity using a 100-mm visual analog scale, clinical exam-
ination, vibration perception thresholds, electrophysiology, and autonomic function
tests. The results indicated no benefit for the sorbinil-treated patients in any of the mea-
sured parameters. In addition, as similar doses of the drug were used in this trial and the
previous ones and was accompanied by serum sorbinil levels measurements, inadequate
drug dosage or poor patient compliance could not be held responsible for the observed
discrepancies. Hypersensitivity reactions with fever, rash, and myalgia occurred in two
patients who recovered completely after the drug was discontinued.

No improvement was also found in another double-blind, randomized trial that lasted
for 12 mo and included patients with severe neuropathy with or without symptoms (14).
Thirty-nine patients took part in this study and the severity of neuropathy is indicated by
the fact that a history of foot ulceration was present in 21 patients. Efficacy assessments
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included clinical evaluation, vibration, and thermal perception thresholds, nerve con-
duction velocities in 12 nerves, and somatosensory-evoked potentials. The results
showed no difference in any of the above measurements between sorbinil- and placebo-
treated patients, both for the lower and upper extremities, despite the fact that the arms
were less severely affected.

As can be seen from the above studies, the beneficial results that were initially
reported, failed to be confirmed in subsequent, better-designed, long-term trials. In an
effort to clear the confusion, the next trial employed sural-nerve biopsies, which allow
more precise evaluation of the therapeutic efficacy (15). This trial included 16 patients
with established peripheral neuropathy and involved subjects undergoing fascicular
sural-nerve biopsies of the same limb at the beginning and the end of the study (16). The
design of the trial was double-blind, randomized, placebo-controlled, and lasted 12 mo.
Additional investigations included clinical neurologic assessments, thermal-perception
thresholds, and electrophysiological measurements. Although both actively and
placebo-treated groups showed some clinical improvement at the end of the study, this
was more pronounced in the sorbinil-treated group. The nonbiopsied sural nerve of the
sorbinil group showed an improvement of 1 WV in the action-potential amplitude and of
2 m/s in the sensory conduction velocity (2 m/s), results that were not found in the
placebo group.

The analysis of the sural-nerve biopsies showed that the sorbitol levels in the sorbinil
group were reduced, indicating a successful aldose reductase inhibition in the nerve tis-
sue. The myelinated fiber density, the best single histopathologic criterion to quantify
neuropathy, was similarly reduced at baseline by 50% in both the sorbinil and placebo
groups when they were compared to age-matched nondiabetic subjects. After 12 mo of
treatment, a significant increase of 33% was found in the sorbinil group, whereas no dif-
ference was noted in the placebo group. The regeneration and remyelination activity in
the sorbinil group was also increased, whereas no change was noticed in the placebo
group. Important changes were also noticed in the degree of paranodal demyelination,
segmental demyelination, and myelin wrinkling. The main importance of this study lies
in the fact that it was the first to demonstrate morphological improvements in nerve
biopsies after long-term aldose reductase inhibition in humans and suggested that long-
term treatment in properly selected patients may be the most beneficial.

A second clinical trial that employed repeated sural-nerve biopsies, assessed the
changes in nerve concentrations of alcohol sugars after a 12-mo period with sorbinil
treatment (17). Six patients took part in this study and histochemical measurements
showed a significant decrease in nerve sorbitol and fructose levels in the follow-up visit
compared to baseline, whereas the levels of glucose and myo-inositol remained
unchanged. The above findings were interpreted by the investigators as indicating that
sorbinil is an effective inhibitor of aldose reductase, but raised doubts about the role of
myo-inositol in the pathogenesis of diabetic neuropathy.

A common factor, present in virtually all the above studies that used sorbinil, was the
relatively high rate of side effects. The main adverse reactions were rash, fever, and
lymphadenopathy, which subsided when the drug was discontinued. Nevertheless, these
adverse reactions would make the use of sorbinil for prolonged period of time in
relatively asymptomatic patients unacceptable, and therefore, the compound was
withdrawn.
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Ponalrestat

The main characteristic of ponalrestat compared to the previous two drugs was its
safety profile: very few adverse reactions were reported during the preliminary safety
trials, making it ideal for long-term usage. These early expectations were soon dashed
as it became apparent that the nerve-tissue concentration levels were probably insuffi-
cient to inhibit aldose reductase. Therefore, it is hardly surprising that the few properly
conducted trials with this compound reported negative results, despite some modest
improvements that were reported in short, preliminary trials (18,19).

An example of a published paper with ponalrestat was that by Ziegler et al. who
reported a randomized, double-blind, placebo-controlled trial of 60 patients with
chronic symptomatic peripheral diabetic neuropathy for 12 mo (20). No difference in
any peripheral nerve function measurements, including electrophysiology, were docu-
mented at the end of the study. As was expected, the drug was well-tolerated and no
significant side effects were present during the study. Similar results were subsequently
reported by Krentz et al. in a study with almost identical design (21).

Tolrestat

Tolrestat was the first ARI to be licensed for the treatment of diabetic neuropathy in
certain countries all over the world including Italy, Mexico, and Ireland. Given orally,
tolrestat is rapidly absorbed at a rate of 60~70%. Its plasma half life is 10 and, in clini-
cal practice, a dose of 200 mg once a day is sufficient to provide satisfactory inhibition
of the aldose reductase for 24 h. Excretion is mainly through the kidneys (70%),
whereas a further 25% of the dose is excreted in the fees.

In a multicenter, double-blind, randomized, placebo-controlled trial that lasted for
12 mo, the efficacy of tolrestat on symptomatic neuropathy was studied in 556 patients
with either type 1 or type 2 diabetes (22). Inclusion criteria were stable or increasing
severity of neuropathic symptoms, and abnormal motor or sensory-nerve electrophysio-
logical measurements in at least three of six tested nerves. Patients were randomized to
doses from 50 to 200 mg/d, and efficacy assessments included the response of the
painful and paresthetic symptoms and electrophysiological measurements.

The painful symptoms improved in both the tolrestat and placebo-treated patients,
but the paresthetic symptoms improved significantly in patients treated with 200 mg tol-
restat daily over placebo. From the objective measurements, a significant improvement
(up to 2 m/s) was noticed for the tibial and peroneal nerve conduction velocities when
they were compared both to the baseline measurements and to the placebo-treated
group. Improvement in both symptoms and electrophysiological measurements was
found in 28% of tolrestat-treated patients, significantly higher when compared to the
5% of the placebo-treated patients who had a similar response. The adverse-reaction
profile of the tolrestat was also satisfactory. The only symptom that occurred more fre-
quently in the tolrestat group was dizziness. Elevation of transaminases was found in 13
(2.9%) diabetic patients treated with tolrestat on any dose, but the transaminases
returned to normal levels within 8—16 wk after the drug was discontinued. There was no
evidence of severe liver dysfunction in any of the patients. A small but significant drop
of the blood pressure, up to 7 mmHg in the systolic and 3.4 mm in the diastolic was also
noticed without any consequences. No hypersensitivity reactions similar to the ones that
were present with other aldose reductase inhibitors were noticed.
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The same design with the previous study was adopted by a multicenter European
study that enrolled 190 patients with symptomatic diabetic neuropathy (23). The study
lasted for 6 mo and patients were randomized to take either placebo or tolrestat 200 mg
once daily. The efficacy analysis included measurements of painful and paresthetic
symptoms, vibration perception threshold in three sites, and nerve conduction velocities
of four motor and two sensory nerves. No difference in the painful symptoms was found
between the placebo and tolrestat group at the end of the study, although both groups
improved compared to baseline measurements. In contrast, a significant improvement
of paresthetic symptoms was noticed in the placebo group compared both to tolrestat
group and to baseline measurements. Regarding the vibration perception threshold mea-
surements, a significant change in favor of tolrestat-treated patients was found in one of
the three sites it was measured (carpal site, which was located at the dorsum of the sec-
ond metacarpal bone).

Significant increases in the motor conduction velocities in tolrestat-treated patients
were recorded at the median nerve compared both to baseline (2 m/s) and to the placebo
group, and in the ulnar nerve compared to baseline. When the changes of all motor con-
duction velocities were combined together, a significant improvement was found at the
end of the study, compared to baseline measurements and to the placebo group. All
the above changes were present only at the end of the study, after 24 wk of treatment. At
the same time, 48% of the tolrestat-treated patients showed an improvement in three
of the four motor-nerve conduction velocities, whereas in the placebo-treated patients,
similar response was noticed in 28%. No changes in the two sensory-nerve function
measurements were present at the end of the study, whereas the heart rate in the tolrestat
group was slower compared to baseline measurements of the same group and to the
placebo group. Six tolrestat-treated and two placebo-treated patients were discontinued
from the study because of elevated liver enzymes.

A considerable number of patients who took part in the above studies continued to
take the drug for several yr after the studies were completed and were the cohort of the
subsequent trial that was designed as a randomized, double-blind, placebo-controlled
withdrawal study (24). Thus, 372 patients who had already received tolrestat for a mean
period of 4.2 yr were randomly selected either to continue receiving tolrestat at a dose
of 200 or 400 mg or to switch to placebo for 1 yr. Another interesting feature of the
design of this trial was the fact that patients were given the option to change treatment
on one occasion after the first 3 mo of the study without breaking the code and there-
fore, maintaining the double-blind design of the trial. The symptom score and the motor
conduction velocities of four nerves were used as endpoints.

A significant deterioration of the symptom score was noticed at the 24th and 36th wk
in the placebo group compared to the tolrestat group. However, at the end of the study,
although a small difference still existed between the two groups, it failed to reach statis-
tical significance. The conduction velocities of three out of the four motor nerves also
deteriorated considerably in the patients who switched to placebo, whereas no change
was noticed in the patients who continued on tolrestat. Thus, in the median nerve
there was a drop of 0.9 m/s, in the ulnar 1.3 m/s, and in the peroneal 0.8 m/s, whereas
the mean reduction of both nerves was 0.9 m/s. In addition, in patients who switched
from tolrestat to placebo during the study there was a mean drop of 1.3 m/s for all four
nerves, whereas in the patients who switched from placebo to tolrestat an improvement
of 1 m/s was recorded. Therefore, a small but significant benefit of long-term treatment
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with tolrestat that can disappear when the treatment is discontinued, was the main find-
ing of the above study.

In a parallel study, sural-nerve biopsies were obtained at the end of the above trial
from 13 patients who continued to receive tolrestat and 14 patients who received
placebo (25). Morphometric analysis showed no difference between the above two
groups but when compared to nerve biopsies from untreated neuropathic patients, both
groups showed increased nerve-fiber regeneration. In addition, treatment with tolrestat
was found to ameliorate the increase in the sorbitol and fructose levels in the nerve tis-
sue, indicating that tolrestat can achieve satisfactory concentration levels in the periph-
eral nerves.

The following two trials with tolrestat were performed at the University of Naples
and were both randomized, placebo-controlled, double-blind, parallel trials of 52 wk
duration. The first one examined the effect of 200 mg/d tolrestat on patients with
asymptomatic autonomic diabetic neuropathy, defined as at least one abnormal cardio-
vascular reflex (26). At the end of the study, improvement in the tolrestat-treated group
was found in all autonomic tests, which included deep breathing (E/I ratio), lying to
standing (30/15) ratio, Valsalva (L/S ratio), and postural hypertension. In contrast to
this improvement, a worsening in all the above parameters except the orthostatic
hypotension was observed in the placebo-treated group. Similar results, namely an
improvement in the tolrestat group and a worsening in the placebo group, were found in
vibration perception threshold measurements, the only reported assessment of the
peripheral somatic nerve function.

Similar results were reported in the second study that included patients with subclin-
ical neuropathy, defined as abnormality in only one autonomic test, the squatting test
(27). Improvement was found in all the autonomic tests and the vibration perception
thresholds in the tolrestat group, whereas a deterioration was observed in the placebo
group in all but the orthostatic hypotension tests. Taken together, the above two studies
emphasize the point that treatment of diabetic neuropathy with aldose reductase
inhibitors may be most beneficial if it is initiated at the early stages of the disease, even
before any symptoms are present. Despite the above promising results, tolrestat was
subsequently withdrawn from clinical use in all countries in which it was licensed, and
is no longer available.

Other Aldose Reductase Inhibitors

Numerous other aldose reductase inhibitors are currently under investigation, either
in preclinical or clinical trials. In particular, encouraging results have been reported in
abstract form for two such compounds, zenarestat and zopolrestat (28,29). Zenarestat
was reported to improve nerve conduction velocities and nerve-fiber density in sural-
nerve biopsies, whereas zopolrestat improved the nerve conduction velocities. It is
hoped that more information will be available in the near future.

GAMMA-LINOLENIC ACID

Gamma-linolenic acid (GLA) is produced from linolenic acid (LA) through the
action of the delta-6-saturase enzyme in a rate-limited reaction. Further metabolism of
the GLA leads to the production of prostagladins (such as thromboxane, PGE1, and
prostacyclin), which regulate the blood flow and long-chain fatty acids that are essential
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components of the nerve axons and the myelin sheath. In diabetes, the conversion of LA
to GLA is impaired and it has been suggested that the resulting deficiency of GLA and
its metabolites play a role in the development of long-term diabetes complications
including neuropathy (30). Therefore, it was suggested that supplementation of GLA
may be beneficial in treating diabetic neuropathy and the fact that no serious side effects
should be expected, as GLA is a natural oil, made this option even more appealing.

The effect of supplementation of 360 mg of GLA daily, given as seed oil of evening
primrose, was studied in a 6-mo, single-center, double-blind, randomized, placebo-con-
trolled trial that included 22 diabetic neuropathic patients (31). At the end of the study,
significant improvement was found in a number of parameters, including the neuropa-
thy symptoms score, the median-nerve conduction velocity (1.38 m/s), the peroneal-
nerve conduction velocity (1.86 m/s), and the sural sensory-nerve action potential
amplitude (0.42 V). As expected, no serious side effects were noticed during the study.

Similar results were reported in a subsequent multicenter, randomized, double-blind,
placebo-controlled trial of GLA, also given as seed oil of evening primrose at a dose of
480 mg/d (32). The duration of this study was 1 yr and included 111 diabetic patients
with mild neuropathy. At the end of the study, significant improvement was found in 13
of the 16 studied parameters, including the median-nerve conduction velocity
(2.37 m/s), the peroneal-nerve conduction velocity (2.23 m/s), and the sural-sensory-
nerve action-potential amplitude (1.68 V). As there was a deterioration in the placebo
group during the study, the difference between the GLA and placebo-treated groups was
4.51 m/s for the median-nerve conduction velocity, 4.09 m/s for the peroneal-nerve con-
duction velocity, and 2.64 V for the sural-sensory-nerve action potential amplitude. As
with the previous study, no serious side effects were observed. A minor setback for this
otherwise very successful trial was that patients in one center tended to do better than
the rest and, if omitted from the analysis, the statistical significance was reduced or lost.

The results of another large multicenter, randomized, double-blind, placebo-
controlled trial of GLA have recently been reported in abstract form (32). According to
these preliminary results, significant improvement after 1 yr of GLA treatment was pre-
sent in 10 out of 28 clinical assessments, whereas differences between GLA and
placebo-treated groups were in favor of GLA in 21 assessments.

In conclusion, GLA seems to combine efficacy and safety, which makes it a strong
candidate for clinical use. Although it has not been approved for the treatment of dia-
betic neuropathy yet, these favorable results make it a strong candidate for acceptance
in daily clinical practice.

OTHER POTENTIAL TREATMENTS

A number of possible medications are currently under investigation for their possible
role in treating diabetic neuropathy, including nerve growth factors, acetylcarnitine,
omega-3 fatty acids, ACE inhibitors, and protein kinase C inhibitors. However, most of
the currently available results come from experimental diabetes in animals and little is
known about their efficacy in human diabetes. As the completion of clinical trials will
require time and their use in clinical practice in the near future does not seem probable,
a detailed discussion of these agents would be outside the scope of this work.
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CONCLUSIONS

Despite the initial encouraging results from trials conducted over the last 15 yr,
aldose reductase inhibitors have not yet been established for the treatment of diabetic
neuropathy. The main reasons for this are inconsistent results in subsequent trials and
the unacceptable high rate of side effects associated with the initially tested compounds.
The development of less toxic inhibitors and the results of large clinical trials, which are
currently under way, with more focused selection criteria and more robust endpoints,
such as sural-nerve biopsies, are expected to greatly enhance our knowledge about the
efficacy of this strategy. Therefore, until this information is available, no final recom-
mendation can be made about their daily use in clinical practice. Encouraging agents
like the gamma-linolenic acid that are devoid of side effects may prove a successful
alternative.
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INTRODUCTION

Pain is probably the most distressing symptom of diabetic neuropathy (/). The fea-
tures of pain in diabetic neuropathy were clearly documented by Pavy (2), who
observed, that it was of burning and unremitting quality often with a nocturnal exacer-
bation. Indeed the quality of neuropathic pain has been described as burning, shooting,
lancinating, prickling, and aching in character, often with many of these symptoms
manifesting in the same patient (3). Some patients describe these symptoms as the feel-
ing of walking barefoot on hot sand or pebbles. Others describe an odd sensation of
their legs feeling swollen. The intensity of neuropathic pain is also variable among dif-
ferent individuals and often varies with time in the same individual. Some patients may
have mild paresthesia in one or two toes; others may have intolerable unremitting pain
involving both legs (4). Most patients with chronic, painful neuropathy have a moderate
background pain with relatively short intervals of peak neuropathic pain. Sleep is often
disturbed because of the nocturnal exacerbation of these symptoms, in addition to allo-
dynia (contact hypersensitivity to bed clothes) (4). In some patients, neuropathic pain
can be so disabling as to lead to loss of employment, reduction in exercise tolerance,
and hence interference with daily activities, a reduction in recreational activities, and
depression (4,5).

Pain is not only a feature of acute and chronic symmetrical sensorimotor neuropathy
occurring in a stocking distribution, but may also develop in relation to focal and multi-
focal neuropathy such as isolated lesions of cranial-nerve palsy, proximal lower-limb
motor neuropathy affecting thighs, and truncal neuropathy (6). Conventional treatment
for painful diabetic neuropathy is largely symptomatic and frequently ineffective (7).
Although significant pain relief can be achieved in some patients by the use of tricyclic
agents, the use of these compounds is frequently complicated by unacceptable side
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effects (7). In this chapter, we look at the possible mechanisms involved in the genera-
tion of neuropathic pain, and review the methods available for the assessment of pain in
diabetic neuropathy. Finally, we discuss nonpharmacological treatments of painful dia-
betic neuropathy.

MECHANISMS OF PAIN IN DIABETIC NEUROPATHY

Pain is an unpleasant, subjective sensory and emotional experience. Neuropathic
pain is caused by dysfunction of the peripheral or central nervous system, that does not
require any receptor stimulation. Painful symptoms are relayed by nociceptive, afferent
small myelinated A-delta, and unmyelinated C fibers. Unmyelinated C fibers are
thought to transmit the slower component of pain, whereas myelinated A-d fibers relay
the faster component.

The exact pathophysiological mechanisms underlying pain in diabetic neuropathy
are not known (8), although several workers have tried to provide a neuro-structural
correlate for neuropathic pain (9-11). Brown et al. (12), found a predominant loss of
small myelinated and unmyelinated fibers on nerve biopsy of patients with chronic
painful diabetic neuropathy. Said et al. (13), also found similar pathological changes in
some of their patients with painful neuropathy. However, other workers have demon-
strated degeneration of all nerve fiber sizes, both myelinated and unmyelinated, in
subjects with painful neuropathy (/4-17). Some observers have suggested that a clear
relationship between selective degeneration of fibers of certain size and the presence of
neuropathic pain is unlikely by virtue of the fact that neuropathic pain is variable in
intensity and may remit for variable periods (/8). This does imply that biochemical or
vascular factors that are likely to vary with time, may be important in the generation of
neuropathic pain, in the context of an already damaged nerve. As nerve biopsy studies
do not give a dynamic view of nerve function, the author and colleagues have attempted
to study human sural nerve in vivo, in subjects with relatively sudden-onset painful neu-
ropathy (18), by employing the techniques of nerve photography and fluorescein
angiography. This study has suggested that vascular factors may be important con-
tributing factors in the generation of neuropathic pain (/8). The following are some of
the hypotheses put forward as possible mechanisms of neuropathic pain generation
based on studies in humans and animal models with nerve injuries.

Ectopic Impulse F ormation by Regenerative Sprouts

Asbury and Fields (19) suggested that spontaneous ectopic impulse generation in
regenerative sprouts (Fig. 1) could be the cause of neuropathic pain. The sprouting was
thought to occur in small-diameter primary afferent fibers. Dandona et al. (20), have
also suggested that regenerative sprouts initiated by strict glycemic control may provide
the explanation for treatment-induced painful neuropathy that occurs in previously
poorly controlled diabetic subjects with asymptomatic small-fiber neuropathy. Fowler
and Ochoa (21) demonstrated that when primary sensory afferents are damaged in rats,
they develop axonal sprouts (Fig. 1). Animal experiments have shown that these regen-
erative sprouts have heightened mechano sensitivity (22—-24). This may be the explana-
tion for Tinel’s sign in which paresthesia in the distribution of peripheral nerve is
elicited by a gentle tapping of a damaged regenerating nerve. Increased adrenergic
chemosensitivity has also been found in axonal sprouts (25). This may be secondary to
the development to alpha receptors by neuroma sprouts (25).
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Fig. 1. Axon sprouting in an undamaged peripheral nerve. After Fowler and Ochoa (1975). (Repro-
duced from Diabetic Neuropathy, 1997, with permission).

However, recent studies in human diabetic neuropathy have not confirmed the
ectopic impulse formation hypothesis of neuropathic pain generation, as degeneration
of unmyelinated fibers was not confined to patients with neuropathic pain alone, but
was also found in patients with painless neuropathy (10).

Peripheral Nerve Ischemia

Pain is usually caused by peripheral nerve ischemia, a feature of focal neuropathy such
as cranial mono neuropathies, proximal-motor neuropathies, and truncal neuropathies
(26). The case for ischemia as cause of nerve damage is probably strongest in acute third-
cranial-nerve palsy as the blood vessels supplying the nerve have been found to be dis-
eased in association with a localized nerve pathology (27). In addition, the rapid onset of
the condition and the time course of recovery suggest an ischemic etiology.

Recent in vivo, human studies have shown the presence of active epineurial arterio-
venous shunts in subjects with chronic painful neuropathy (28). As pain usually accom-
panies acute ischemia, (e.g., claudication and angina) and in the absence of a clear
structural correlate for neuropathic pain (10,11,26), hemodynamic factors that are likely
to change more rapidly may provide an explanation for neuropathic pain. Recently,
patients with acute painful neuropathy of rapid glycemic control (insulin neuritis) in
whom a transient severe painful neuropathy is precipitated with rapid improvement in
metabolic control, have been studied (/8). These patients were found to have numerous
epineurial arterio-venous shunts and a fine network of proliferating neural new vessels
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Fig. 2. (A) Sural-nerve epineurial arterial (A) and venous (V) anatomy in a normal subject. (B) A fine
network of tortuous epineurial vessels resembling the new vessels (NV) of the retina in a subject
with insulin neuritis who also developed retinal microinfarcts with rapid improvement in glycemic
control.

that resembled those of the eye (/8) (Fig. 2B). Excessive epineurial shunt flow that may
render the endoneurium ischemic was suggested as a possible contributing factor for the
generation of neuropathic pain (/8). As the neuropathic pain improves within 10 mo in
this patients, it remains to be established whether these arterio-venous shunts close
when the pain resolves.
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The Role of Dorsal-Horn Neurons and Dorsal-Root Ganglia

The gate control theory forwarded by Melzack and Wall (29) proposed that large-
diameter myelinated-fiber activity (e.g., vibration sense) inhibits the activity of dorsal-
horn neurons, gating the transmission of pain via C fibers. However, there is as yet no
definitive evidence for a selective loss of large myelinated fibers in diabetic peripheral
neuropathy (16). The observation that loss of afferent input can increase activity of dor-
sal-horn cells leading to high frequency discharge (30) has prompted some observers to
speculate whether this could provide an explanation for neuropathic pain. The observa-
tion that normal dorsal-root ganglia have marked mechanosensitivity (31), and their
spontaneous hyperactivity with damage to peripheral axons (32) have also led some to
speculate that dorsal-root ganglia may be important in the generation of pain.

Blood Flow in the Neuropathic Leg

It is now well-established that the neuropathic foot is warm because of an increase in
peripheral blood flow associated with arterio-venous shunting (33-36). The observa-
tions that neuropathic pain appears to be exacerbated by the increase in peripheral blood
flow associated with poor metabolic control (37), and the reduction in painful neuro-
pathic symptoms via cooling of a limb and measures that reduce peripheral blood flow
(34), suggest that peripheral blood flow may be linked to painful neuropathic symp-
toms. Thus, one can speculate that raised lower-limb skin temperature may have an
influence on the sensitivity of nociceptive sensory afferents.

A recent study has demonstrated that some subjects with severe diabetic neuropathy
have limitation of exercise tolerance, principally as a result of painful symptoms on
walking (5). This is likened to “walking on pebbles” and appears to be distinct from
spontaneous neuropathic pain (5). This suggests that part of the neuropathic pain expe-
rienced from exertion may be caused by “neuro-claudication,” which may be caused by
blood being shunted away from peripheral nerve to surrounding tissue. This is sup-
ported by the observation that some neuropathic patients have a paradoxical fall in
nerve conduction velocity following exercise, in contrast to nonneuropathic diabetic
subjects, who have an increase in their nerve conduction velocity of 4 m/s (38).

Chronic Hyperglycemia and Acute Glycemic Fluxes

The glycemic state in which the damaged peripheral nerve functions may be impor-
tant in the modulation of neuropathic pain for the following reasons:

1. Boulton et al. (39) reported that patients with symptomatic neuropathy have higher gly-
cated hemoglobin at presentation compared to nonneuropathic diabetic subjects. This
observation is supported by other cross-sectional epidemiological studies (40).

2. Some patients present with acute painful neuropathy associated with poor metabolic con-
trol and precipitous weight loss (15). This syndrome occurs in patients with variable
duration of diabetes who present with burning pain, allodynia, and nocturnal exacerba-
tion of symptoms (Table 1). Ellenberg described the condition as ‘neuropathic cachexia’
(41). There is complete resolution of symptoms and weight gain within approx 10 mo,
with sustained improvement in glycemic control achieved with insulin (15). Steel et al.
(42) also reported painful neuropathy in young anorexic women with poorly controlled
insulin-dependent diabetes, which raised the possibility of whether nutritional deficien-
cies could account for the neuropathy. However, there is no convincing evidence for this
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Table 1
Clinical Features of Acute Painful Neuropathies Associated with Rapid
and Poor Glycemic Control

Acute Painful Neuropathy of Rapid Acute Painful Neuropathy of Poor

Glycemic Control Glycemic Control

Occurs in IDDM and NIDDM Occurs in IDDM and NIDDM

Burning pain, paresthesia, allodynia, Burning pain, allodynia, impotence,
nocturnal exacerbation of symptoms, nocturnal exacerbation of symptoms,
depression depression

No weight loss Severe and precipitous weight loss

Sensory loss mild or absent Sensory loss mild or absent

No motor signs No motor signs

Normal nerve conduction studies; impaired Normal or mildly abnormal nerve
exercise-induced conduction velocity conduction studies
increment

Complete resolution of symptoms within Complete resolution of symptoms within
10 mo 10 mo and weight gain with continued

insulin treatment

Nerve biopsy: changes of chronic Nerve biopsy: degeneration of myelinated

neuropathy with active regeneration and unmyelinated fibers

as vitamin supplements do not have any significant effect in diabetic neuropathy. Remis-
sion of pain occurred as weight was gained.

3. Painful neuropathic symptoms often improve with an improvement in metabolic control,
sometimes achieved by the use of continuous subcutaneous insulin infusion (43).

4. Morley et al. (44), made the observation that glucose infusion led to a reduction in pain
threshold in nondiabetic subjects, and also found a lower pain threshold and pain toler-
ance in diabetic compared to nondiabetic subjects. However, this assertion, has been
challenged by a recent observation that acute hyperglycemia does not alter sensitivity to
thermally induced pain (45).

5. Sudden improvements in glycemic control, often with the use of insulin, in previously
poorly controlled patients, can also lead to acute painful neuropathy within a few weeks
(18,46—49) (Table 1). This syndrome was initially described by Caravati (50) who used
the term ‘insulin neuritis,” but as ‘neuritis’ implies an inflammatory process, a more
appropriate term would be acute painful neuropathy of rapid glycaemic control (18).
Painful symptoms resolve with continued improved glycemic control within 10 mo in the
same way as patients with acute painful neuropathy of poor glycaemic control (Table 1).
The etiology of this condition is still undertermined, and although on face value, it would
seem reasonable that it may be purely metabolic in origin, recent work showing the pres-
ence of neural new vessels (Fig. 2) similar to those found in the retina that can also result
with rapid metabolic control (51), suggest that hemodynamic factors may be important in
the pathogenesis of this syndrome (18). Table 1 shows clinical features of acute painful
neuropathies associated with rapid and poor glycemic control.

ASSESSMENT OF NEUROPATHIC PAIN

Chan et al. (52) reported that approx 7.5% of unselected adults attending hospital dia-
betic clinics have painful neuropathic symptoms, mainly in their lower limbs. In clinical
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practice, a careful history detailing the features of the pain is usually sufficient to ascer-
tain the presence and severity of neuropathic pain. This should be accompanied with
full neurological and vascular examination. Differential diagnoses such as lumbar-root
pain, pain caused by spinal stenosis, pain caused by peripheral vascular disease, and
musculoskeletal pain should be excluded. It is important to appreciate that neuropathic
pain could rarely be from causes other than diabetes in the diabetic patient, and particu-
larly excessive alcohol intake and neuropathies associated with malignancies and vita-
min deficiencies need to be kept in mind. It is also important to remember that some
patients may present with neuropathic pain in the absence of objective clinical or elec-
trophysiological evidence of neuropathy, in contrast to some patients with advanced
neuropathy who have neuropathic pain in association with numb feet—the so called
“painful-painless foot” (53).

The fact that pain is a subjective experience has made it very difficult to quantify.
The following methods are recommended for the assessment of the severity of pain in
diabetic neuropathy, mainly for research purposes.

Visual-Analog and Verbal-Descriptive Scales

The intensity of neuropathic pain can be assessed by visual-analog scale (VAS). The
patient is asked to indicate pain intensity on a scale from 0-100, O indicating “no pain
present” and 100 indicating “worst pain ever.” The VAS score has been found to corre-
late with other measures of pain (54). The VAS scoring method makes an assumption
that equal intervals along the scale correspond to equal degrees of pain. The verbal-
descriptive scale may also be used, the patient being asked to describe pain intensity
with a series of descriptive statements (absent, slight, mild, moderate, intense, very
intense, and so on).

McGill Pain Questionnaire

The McGill Pain Questionnaire (MPQ) (55) was devised to assess both the quality
and emotional aspects of pain (Table 2). The MPQ comprises four major categories and
20 subgroups: sensory (subgroups 1-10); affective (subgroups 11-15); evaluative (sub-
group 16); and miscellaneous (subgroups 17-20). Table 2 shows the words in each of
the 20 subgroups that are of similar quality and are also ranked by intensity (the word at
the top has a value of 1, and the next word has a value of 2, and so on). The pain rating
index (PRI) score is the sum of individual rank values and can be calculated for each
category of the MPQ (e.g., sensory PRI, affective PRI).

Dyck’s Neuropathy Staging

Controversies exist as to what exactly constitutes diabetic neuropathy. Dyck (56)
suggested that a number of factors that include symptoms (such as neuropathic pain,
numbness, ataxia, paresthesae, motor and autonomic symptoms), physical signs on neu-
rological examination, autonomic function tests, quantitative sensory tests, and electro-
physiology need to be considered for a more accurate detection and characterization of
diabetic neuropathy. The presence and extent of neuropathic pain is an important deter-
mining factor for staging of neuropathy (56). Pain was graded as being “disabling” when
the patient had previously attended a physician for pain relief, work and recreational
activities had been curtailed by at least 25% because of pain, and medication for pain
relief had been taken on a continuing basis (i.e., for more than 50% of the day) for at least
6 wk. Disabling pain would place the patient in Dyck’s neuropathy score stage 3 as com-
pared to stage 2 (pain of less severity).
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Table 2
The McGill Pain Questionnaire
1. Flickering 2. Jumping 3. Pricking 4. Sharp
Quivering Flashing Boring Cutting
Pulsing Shooting Drilling Lacerating
Throbbing Stabbing
Beating Lancinating
Pounding
5. Pinching 6. Tugging 7. Hot 8. Tingling
Pressing Pulling Burning Itching
Gnawing Wrenching Scalding Smarting
Cramping Searing Stinging
Crushing
9. Dull 10. Tender 11. Tiring 12. Sickening
Sore Taut Exhausting Suffocating
Hurting Rasping
Aching Splitting
Heavy
13. Fearful 14. Punishing 15. Wretched 16. Annoying
Frightful Gruelling Blinding Troublesome
Terrifying Cruel Miserable
Vicious Intense
Killing Unbearable
17. Spreading 18. Tight 19. Cool 20. Nagging
Radiating Numb Cold Nauseating
Penetrating Drawing Freezing Agonising
Piercing Squeezing Dreadful
Tearing Torture

Patients are asked to look carefully at each of the 20 groups of words and to circle one work in each
group that most closely applies to their pain (if no word is appropriate, then none is circled).

NONPHARMACOLOGICAL TREATMENTS
OF PAINFUL DIABETIC NEUROPATHY

It has to be appreciated that there is no totally satisfactory treatment for pain in dia-
betic neuropathy (5,7). This stems from our inadequate understanding of the pathogen-
esis of diabetic neuropathy (8), although extensive research has implicated metabolic
(57) and vascular mechanisms (58-60). Whereas the search for potential therapeutic
agents to halt or reverse the neuropathic process continues (61,62), current treatment is
largely aimed at relieving painful symptoms (7). In this section, we will look at non-
pharmacological treatment of painful diabetic neuropathy. Conventional drug treatment
of painful diabetic neuropathy is usually necessary and, currently, tricyclic compounds
are the most effective (7), but many patients fail to respond to these agents and side
effects are frequent. Other drugs include anticonvulsants (63), mexiletine (64), iv ligno-
caine (65), and topical capsaicin (66). Pharmacological treatment of painful diabetic
neuropathy is covered in detail in the following chapter.



Chapter 9 / Painful Diabetic Neuropathy 141

Psychological Support

There is usually a psychological component to pain and psychological support and
explanation of the condition to the patient in an empathetic way is, therefore, essential
(3,4). Some patients may have unnecessary worries that can be allayed by simple expla-
nation of the condition in that even severe symptoms may remit, as is the case in those
with acute painful neuropathies associated with poor glycemic control, or in those with
rapid glycemic control who were previously poorly controlled (Table 1). Many experi-
enced physicians have observed that psychological support of the patient may be suffi-
cient to enable the patient to cope with mild neuropathic pain, and indeed researchers
have also experienced that the intensity of neuropathic pain does sometimes improve
when patients are seen regularly and examined and investigated in research projects, as
patients feel that somebody has taken interest in their predicament. Moreover, several
studies have shown that the placebo effect is quite marked in painful neuropathy (66).
Thus, the empathic approach that addresses the concerns, feelings, and anxieties of
patients with neuropathic pain is essential for their successful management. Future
research needs to address the impact of various models of counselling on the successful
management of painful neuropathic symptoms as there are relatively few studies look-
ing specifically into this.

Physical Measures

Physical measures are often adopted by patients in order to relieve pain. These
include measures designed to reduce lower limb temperature as the neuropathic leg is
often warm because of arterio-venous shunting (33-36). Cooling may reduce the abnor-
mally increased shunt flow and thereby improve neuropathic pain. Patients often
immerse their feet in cold water or sleep with their feet uncovered by bed clothes. Con-
tact pain (allodynia) may be improved by wearing silk pyjamas, the use of a bed cradle,
or covering painful areas with an adhesive film such as Opsite (Smith and Nephew
Medical, Hull, UK) (67). Some patients with moderate-to-severe neuropathic pain
describe unpleasant sensory symptoms on walking likened to walking barefoot on peb-
bles. These patients may also benefit from the use of protective and comfortable shoes.

Glycemic control

The Diabetes Control and Complications Trial (68) demonstrated that meticulous
blood-sugar control delays the onset or prevents diabetic neuropathy. In addition, pain-
ful neuropathic symptoms can also be improved by tightening in metabolic control (43),
although these studies have been criticized on the basis of being unblinded. Neverthe-
less, as poor glycemic control is associated with acute painful neuropathyj, it is generally
felt that the first step in the management of painful neuropathic symptoms is to try to
improve blood-glucose control, with the use of insulin in subjects with non-insulin-
dependent diabetes if necessary. Support for this assertion comes from the work of
Morley (44) who demonstrated that hyperglycemia does lower pain threshold, but this
has subsequently been questioned by Chan et al. (45).

Electrical Spinal-Cord Stimulation

A significant proportion of patients with chronic neuropathic pain fail to respond to
conventional drug treatment and indeed, some patients may not tolerate tricyclic agents
and anticonvulsants, as these drugs may result in unacceptable side effects (7). A recent
study looked at the use of electrical spinal-cord stimulation (ESCS) for the treatment of
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Fig. 3. Electrical spinal cord stimulator wire (PICES-Quad lead) that has four electrodes connected to
an X-Trel receiver (permanent system) that is implanted in the anterior abdominal wall.

chronic diabetic neuropathic pain that does not respond to conventional drugs (35).
ESCS has been used for several painful conditions including back pain, phantom-limb
pain, peripheral vascular disease, and severe angina, but this was the first study that
specifically looked at its use in painful diabetic neuropathy. The study reported signifi-
cant relief of both background and peak neuropathic pain over a period of 14 mo (5). At
the end of the study, 75% of patients fitted with the permanent system benefited from
ESCS and used it as a sole treatment for their neuropathic pain, all pain-relieving drugs
having been stopped. In addition to spontaneous dysesthetic pain, all the patients that
took part in the study had unpleasant sensory symptoms on walking and half the
patients could only manage 30 or less on a treadmill. The worst affected patients were
more or less confined to home, unable to cope even with, for instance shopping,
whereas others could not garden or dance. With ESCS, all the patients had an increase
in exercise threshold with a median increase of over 150% at 6 mo (5). Figure 3 depicts
an ESCS wire connected to the X-Trel receiver (Medtronic, Watford, Herts, UK) and
Fig. 4 shows an X-ray of a patient fitted with the permanent ESCS system.

Patient’s selection is important and one has to be careful in assessing both the pres-
ence and severity of neuropathic pain. Psychological assessment of patients is also
essential as ESCS seems to be more effective in those without major psychological
overlay (69,70). The best results from ESCS appear to be in those with well-localized
pain, and those whose area of pain is covered with ESCS-induced paresthesiae (71).
Although fully blind studies are impossible, as the user feels a “buzzing” sensation over
the area of pain, a placebo response is unlikely because of the sustained benefit
obtained in some patients (72). Also the need for accurate positioning of the electrode
above the level of pain with the projection of paresthesiae over the whole area of pain
to achieve pain relief, and observation that pain relief is lost immediately when there is
lead displacement argues against the placebo response (73).

The gate-control theory of pain has been suggested as an explanation (29) for the
mechanisms of ESCS. Nocicepetive C fibers that carry painful stimuli relay at the sub-
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Fig. 4. An X-ray of a man fitted with electrical spinal cord stimulator wire that is situated midline in
the epidural space, with the electrodes at the level of T11-T12. Under local anesthetic, the wire is
introduced into the epidurial space at L1-L2, and using an image intensifier, the lead is manipulated
so that the electrode lies exactly midline on the dorsal aspect of the spinal cord. The lead is connected
to the X-Trel receiver implanted in the subcutaneous tissue in the right lower abdominal wall. The
antenna of an external transmitter is placed over the X-Trel receiver and when patients have pain they
switch on the transmitter, which uses a radio frequency signal that is converted by the X-Trel receiver
into electrical current, leading to induced paresthesia over the area of pain.

stantia gelatinosa of the spinal cord to travel in the ascending contralateral anterior
spinothalamic tract. ESCS is thought to stimulate the dorsal columns (A-beta fibers)
that inhibit the C fibers and thus gating/interrupting the pain input (29). With loss or
gross dysfunction of the inhibitory A-beta fibers, ESCS is unlikely to work. This was
the case in the two patients who failed to respond in the initial trial stimulation (5). Thus
elevation of vibration perception threshold to unrecordable range (or complete absence
of vibration and joint position sense on clinical examination) may characterize patients
who are unlikely to respond to ESCS. Although this initial study is very encouraging,
larger studies conducted over longer periods are now required to firmly establish ESCS
as the treatment of choice for painful diabetic neuropathy that does not respond to con-
ventional therapy.

Transcutaneous electrical nerve stimulation has also been recommended in diabetic
neuropathy (73). In the author’s opinion it is rarely effective, mainly because diabetic
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neuropathic pain is symmetrical and affects many nerves and thus is unlikely to respond
to single-nerve stimulation.
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INTRODUCTION

Pain is a subjective symptom of major clinical importance as it is often this complaint
that motivates patients to seek healthcare. Pain is often associated with disability and is
suggested as an important factor in affecting quality of life (/). About 11% of the adult
population has persistent pain and additional 5% experience temporary pain (1 ). Neuro-
genic pain is defined as pain caused by dysfunction of the peripheral or central nervous
system, in the absence of nociceptor (nerve terminal) stimulation by trauma or disease.
Other terms used to describe some forms of neurogenic pain include neuropathic pain
and deafferentation pain, and central pain. Neurogenic pain is common, accounting for
at least 25% of the patients attending most pain clinics. When all categories of neuro-
genic pain syndromes are taken into account, there are probably >550,000 cases in the
UK population at any one time, giving a prevalence of approx 1%. The incidence of
neurogenic pain increases with age, accounting for one third of all pain-clinic patients
aged >65 and one half of those aged >70 (2).

People with diabetes experience more chronic pain than the nondiabetic population.
It has been found that 25% of diabetic patients had chronic pain compared to 15%
of nondiabetic subjects (3). This difference is largely attributable to pain associated
with neuropathy. Diabetic neuropathy has been defined as a demonstrable disorder,
either clinically evident or subclinical, that occurs in the setting of diabetes without
other causes for peripheral neuropathy and includes manifestations in the somatic
and/or autonomic parts of the peripheral nervous system (4). Diabetic peripheral neu-
ropathy is encountered in at least one third of the patients with diabetes mellitus (5).
Neuropathic symptoms are present in 15 to 20% of the patients (6,7), 7.5% of whom
experience chronic neuropathic pain (3).

From: Contemporary Endocrinology: Clinical Management of Diabetic Neuropathy
Edited by: A. Veves © Humana Press Inc., Totowa, NJ

147



148 Ziegler

NEUROPATHIC PAIN

According to Asbury and Fields (§), neuropathic pain may be subdivided into two
types. The superficial dysesthetic or deafferentation pain is described as burning,
tingling, raw, searing, crawling, drawing, and electric of variable constancy, i.e., inter-
mittent, jabbing, lancinating, or shooting. It has been attributed to a cutaneous or subcu-
taneous distribution and may be linked to increased firing of damaged or abnormally
excitable nociceptive fibers, particularly sprouting, regenerating fibers (8). Dysesthetic
pain is a common manifestation in diabetic polyneuropathy, particularly in those
patients whose small-fiber modalities (cutaneous pin prick and temperature sensation
and autonomic function) are disproportionately affected (8). For the deep nerve trunk
pain descriptors such as aching, occasionally knifelike, and tender have been used. It is
usually continuous, but waxes and wanes. Its hypothetical basis includes increased fir-
ing caused by physiologic stimulation of endings of nociceptive afferents that innervate
the nerve sheaths themselves (nervi nervorum) (8). In addition, several other mecha-
nisms have been proposed: spontaneous activity and increased mechanosensitivity near
the cell body of damaged afferents in the dorsal root ganglion; loss of segmental inhibi-
tion of large myelinated fibers and small unmyelinated C-fibers (modified gate control
hypothesis); and ectopic impulses generated from demyelinated patches of myelinated
axons (9). Examples for nerve-trunk pain include spinal-root compression, brachial
neuritis, and neuritis of leprosy reactions. Asbury and Fields (8) emphasized that either
type of pain rarely occurs in pure form and that most neuropathies associated with pain
will manifest some mixture of these two types of painful experience.

In a model for the treatment of chronic painful diabetic neuropathy Pfeifer et al. (9)
suggested muscular pain as a third type of pain that is described as a cramping, aching,
muscle tenderness, or a drawing sensation. The muscle cramping and spasms may be
secondary to injury to motor nerves or attributable to a reflex loop (Livingston’s vicious
circle), where a nociceptive input activates the motor neuron within the spinal cord
leading to muscle spasm that in turn activates the muscle nociceptors and feed back to
the spinal cord to sustain the spasm (9).

According to Thomas and Scadding (10), the putative mechanisms of pain in diabetic
neuropathy include the following: nerve-trunk pain, sensitization of nociceptor endings,
active axonal degeneration, damage to A-delta and C-fibers, neuroma properties
(ectopic impulse generation from regenerating axon sprouts, ephaptic transmission),
fiber shrinkage, ectopic impulse generation from dorsal-root ganglion cells after inter-
ruption of axons signaling pain, changes in peripheral blood flow, modulation of pain
threshold by the glycemic state (hyperglycemic neuropathy), changes in the central ner-
vous system secondary to peripheral nerve damage (reduced surround and presynaptic
inhibition, deafferentation of dorsal horn neurons). This variety of possible underlying
mechanisms of pain implies that different approaches to treatment may be required.

PAINFUL DIABETIC NEUROPATHY

Since a classification of diabetic neuropathy based on pathogenetic grounds is not
possible, the various manifestations have to be classified along clinical criteria. How-
ever, because of the variety of the clinical syndromes with possible overlaps not even a
generally accepted classification exists. The most widely used approach has been pro-
posed by Thomas (11) who uses a subdivision into diffuse symmetric polyneuropathies
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on the one hand and focal and multifocal neuropathies on the other. Pain may develop in
both of these forms in which it can become one of the most unpleasant features of vari-
able nature and distribution.

Diabetic Polyneuropathy

The term “hyperglycemic neuropathy” has been used to describe sensory symptoms
in poorly controlled diabetic patients that are rapidly reversible following institution of
near-normoglycemia (/7). The most frequent form is the distal sensory symmetric
polyneuropathy, commonly associated with autonomic involvement. The onset is insid-
ious, and, in the absence of intervention, the course is chronic and progressive (12).
Persistent or episodic pain may be present in these patients usually in the feet or more
diffusely in the legs, showing a characteristic nocturnal exacerbation. The pain is often
described as a deep-seated aching, but there may be superimposed lancinating stabs or it
may have a burning thermal quality (/7). Allodynia (pain caused by a stimulus that does
not normally cause pain, e.g., stroking) may occur. The symptoms may be accompanied
by sensory loss in a glove-and-stocking distribution, but patients with severe pain may
have few clinical signs.

Pain may persist over several years (/3) causing considerable disability and impaired
quality of life in some patients (14), whereas it remits partially or completely in others
(15,16), despite further deterioration in small-fiber function (/6). Pain remission tends
to be associated with sudden metabolic change, short duration of pain or diabetes, pre-
ceding weight loss, and less severe sensory loss (15,16).

Acute Painful Neuropathy

Acute painful neuropathy has been described as a separate clinical entity (/7). The
onset is associated with and preceded by precipitous and severe weight loss. The pain is
of a continuous burning quality and experienced predominantly in the distal parts of the
legs. Cutaneous contact discomfort (hyperalgesia) is often a troublesome feature,
whereas motor function is preserved and sensory loss may be only slight, being greater
for thermal than for vibration sensation. Depression and impotence are constant fea-
tures. The weight loss has been shown to respond to adequate glycemic control, and the
severe manifestations subsided within 10 mo in all cases. No recurrences were observed
after follow-up periods of up to 6 yr (17).

The syndrome of acute painful neuropathy seems to be equivalent to diabetic
cachexia as described by Ellenberg (/8). It has also been described in girls with
anorexia nervosa and diabetes in association with weight loss (/9).

The term insulin neuritis was used by Caravati (20) to describe a case with precipita-
tion of acute painful neuropathy several weeks following the institution of insulin treat-
ment (treatment-induced neuropathy). Sural-nerve biopsy shows signs of chronic
neuropathy with prominent regenerative activity (2/) as well as epineurial arterio-
venous shunting and a fine network of vessels, resembling the new vessels of the retina,
which may lead to a steal effect rendering the endoneurium ischemic (22). This may
happen in analogy to the transient deterioration of a pre-existing retinopathy following
rapid improvement in glycemic control. Painful symptoms recover slowly with contin-
ued near-normoglycemic control. An association of the treatment-induced neuropathy
with mitochondrial tRNA (Leu) mutation has been reported in five Japanese diabetic
patients, but the underlying mechanisms are unknown (23).
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Short-term changes in blood glucose do not appear to play a major role in neuro-
pathic pain. Marked fluctuations in spontaneous neuropathic pain within several hours
were not associated with significant changes in blood glucose concentrations. Further-
more, the induction of acute hyperglycemia for 1 hour did not alter the heat-pain thresh-
old in diabetic patients without symptomatic neuropathy (24).

Focal and Multifocal Neuropathies

Most of the focal and multifocal neuropathies tend to occur in long-term diabetic
patients of middle age or older. The outlook for most of them is for recovery, either
partial or complete, and for eventual resolution of the pain. With this in mind, physi-
cians should always maintain an optimistic outlook in dealing with patients with these
afflictions (25).

Focal lesions of the third cranial nerve (diabetic ophthalmoplegia) are painful in
approx 50% of the cases (26). The onset is usually abrupt. The pain is felt behind and
above the eye, and at times precedes the ptosis and diplopia (with sparing of pupillary
function) by several days (11). Oculomotor findings reach their nadir within a day or at
most a few days, persist for several weeks, and then begin gradually to improve. Full
resolution is the rule and generally takes place within 3—-5 mo (25).

Focal lesions affecting the limb nerves, most commonly the ulnar, median, radial,
and peroneal may be painful, particularly if of acute onset, as may entrapment
neuropathies such as the carpal tunnel syndrome that is associated with painful pares-
thesias (11).

Pain is nearly universal in the syndrome of asymmetric lower-limb proximal-motor
neuropathy (synonyms: Bruns-Garland syndrome, diabetic amyotrophy, proximal dia-
betic neuropathy, diabetic lumbosacral plexopathy, ischemic mononeuropathy multi-
plex, femoral-sciatic neuropathy, femoral neuropathy). Characteristically, it is deep,
aching, constant, and severe, invariably worse at night, and may have a burning, raw
quality. It is usually not frankly dysesthetic and cutaneous. Frequently, pain is first
experienced in the lower back or buttock on the affected side, or may be felt as extend-
ing from hip to knee. Although severe and tenacious, the pain of proximal-motor neu-
ropathy has a good prognosis. Concurrent distal sensory polyneuropathy is frequently
present. Weight loss is also a frequently associated feature and may be as much as
35-40 1b. The weight is generally regained during the recovery phase (25).

Patients with proximal or multifocal diabetic neuropathy show marked ischemic
nerve lesions with vasculitis and inflammatory infiltration of mononuclear cells (27,28)
and T-cells of the CD8+ cell type (29). Activated endoneurial lymphocytes express
immunoreactive cytokines and major histocompatibility class II antigens (29). To clas-
sify these changes, Krendel (30) coined the term “diabetic inflammatory vasculopathy,”
which he describes as a “multifocal axonal neuropathy” caused by inflammatory vascu-
lopathy, predominantly encountered in type 2 diabetic patients, indistinguishable from
diabetic proximal neuropathy or mononeuritis multiplex. Separated from this form
is the demyelinating neuropathy without vascular inflammation, predominantly
encountered in type 1 diabetic patients, indistinguishable from chronic inflammatory
demyelinating polyneuropathy (CIDP) (31). These findings suggest that immunological
mechanisms may be implicated in the pathogenesis of these neuropathies.

Diabetic truncal neuropathy (thoraco-abdominal neuropathy or radiculopathy) pre-
sents with an abrupt onset, with pain or dysesthesias being the heralding feature. Pain
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has been described as deep, aching, or boring, but also the descriptors of jabbing, burn-
ing, sensitive skin, or tearing have been used. The neuropathy is almost always unilat-
eral or predominantly so. As a result, the pain felt in the chest or the abdomen may be
confused with pain of pulmonary, cardiac, or gastrointestinal origin. Sometimes it may
have a radicular or girdling quality, half encircling the trunk in a root-like distribution.
Pain may be felt in one or several dermatomal distributions, and, almost universally, it
is worst at night. Rarely, abdominal muscle herniation may occur predominantly in
middle-aged men, involving 3-5 adjacent nerve roots between T6 and T12 (32). The
time from first symptom to the peak of the pain syndrome is often just a few days,
although occasionally spread of the pain to adjacent dermatomes may continue for
weeks or even months. Weight loss of 1540 1b. occurs in >50% of the cases. The
course of truncal neuropathy is favorable, and pain subsides within months with a max-
imum of 1.5-2 yr (25).

ASSESSMENT OF NEUROPATHIC PAIN

Quantitative assessment of pain is a challenging problem. This is exemplified by a
statement of R. Melzack (33). “Because pain is a private personal experience, it is
impossible for us to know precisely what someone else’s pain feels like.” An important
consequence of this simple statement is that there is no objective unit and no external
gold standard for clinical pain, which instead constitutes the basis of any measuring
method in use. In fact, pain is the result of a complex process involving neurophy-
siological and psychological mechanisms (34). It has been shown that factors, such as
cultural variables, can affect the perception of pain and its expression. Individual psy-
chological attitudes and communication factors can influence the description of pain
and the rating of its intensity by the patient (34). During the last 20 yr, a number of reli-
able and valid measures for assessing chronic pain syndromes and evaluating treatment
have been proposed and tested. Because of the multidisciplinary nature of the field,
these measures have been derived from physiological, psychological (emotional, cogni-
tive, and behavioral), sociocultural, and economic studies (35). The following methods
are being used in trials evaluating treatment effects on neuropathic pain in diabetic
patients.

Visual-Analog Scale

A visual-analog scale (VAS) is a straight line, the ends of which are defined as the
extreme limits of the sensation or response to be measured. It has been shown that
the VAS is a satisfactory method for measuring pain or pain relief. When assessing
the response to treatment, it is better to use a pain-relief scale than to measure pain.
With a pain-relief scale, all patients start at the same baseline and all have the same
amount of potential response (36).

Verbal-Descriptor Scale

A verbal-descriptor scale (VDS) is a visual-analog scale with descriptive terms
placed at intervals along the line. The descriptors may assist the patient in deciding the
position of his score (especially if he has no experience of pain measurement) and make
different patients more likely to record the same degree of severity in the same position
(36). Among different types of VDSs, a horizontal type with the words spread out along
the whole length of the line performed best. The failure rate was slightly lower with the
VDS than with the VAS (36).
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One way to ensure adequate sensitivity for analgesic trials is to test the intervention
in patients who have pain of moderate-to-severe intensity. A recent study has shown
that 85% of the patients reporting moderate pain scored >30 mm (mean: 49 mm) on a
100-mm VAS and 85% of those reporting severe pain scored >54 mm (mean: 75 mm).
Thus, if a patient records >30 mm on a VAS score, he would probably have recorded at
least moderate pain on a four-point VDS (no, mild, moderate, severe pain) (37).

McGill Pain Questionnaire

The McGill Pain Questionnaire (MPQ) consists of three major classes of word
descriptors: sensory qualities (subclasses 1-10: temporal, spatial, pressure, thermal,
brightness, dullness, and miscellaneous); affective qualities (subclasses 11-15: tension,
autonomic, fear, punishment, and miscellaneous) that are part of the pain experience:
evaluative words (subclass 16) that describe the subjective overall intensity of the total
pain experience; and supplementary qualities (subclasses 17-20). The MPQ was
designed to provide quantitative measures of clinical pain that can be treated statisti-
cally. The three major measures are (1) the pain rating index based on the rank values of
the words that are then added up to obtain a score for each category, and a total score for
each categories; the number of words chosen; and the present pain intensity based on a
1-5 intensity scale (38). It has been shown that the MPQ is a useful aid to the differen-
tial diagnosis of the painful diabetic leg (39).

Hamburg Pain Adjective List

The Hamburg Pain Adjective List (HPAL) is another multidimensional, specific pain
questionnaire that was introduced by Hoppe (40). It includes 37 adjectives to describe
pain “as it is usually.” These adjectives are rated in seven steps ranging from
“absolutely incorrect” (0 points) to “absolutely correct” (6 points). The items are sum-
marized to four primary scales and three additional scales, respectively. Primary scales
describe pain suffering by 12 items; fear of pain by 9 items; pain acuity by 9 items; and
pain rhythm by 7 items. Pain suffering and fear of pain are allocated to the affective
component (21 items), whereas pain acuity and pain rhythm are allocated to the sensory
component (16 items). Affective and sensory components represent additional scales.
The third additional scale is the total scale (37 items) that provides a measure of the gen-
eral pain intensity.

Neuropathic Pain Scale

Galer and Jensen (41) have recently argued that although VASs and VDSs have
proven to be reliable and valid as measures of pain intensity and pain unpleasantness,
these two pain dimensions do not adequately cover the domain of the neuropathic pain
experience. A strength of the MPQ is that it does assess a variety of pain qualities, but
although it can be scored to obtain global measures of the sensory, affective, and evalu-
ative dimensions, it does not provide quantitation of each distinct pain quality. Another
drawback of existing pain measures is that they do not identify potential subgroups of
neuropathic pain that may benefit from specific therapies (41). The Neuropathic Pain
Scale (NPS) has been designed to assess distinct pain qualities associated with neuro-
pathic pain. The NPS includes two items that assess the global dimensions of pain inten-
sity and pain unpleasantness as well as eight items that assess specific qualities of
neuropathic pain: sharp, hot, dull, cold, sensitive, itchy, deep, and surface pain. In addi-
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tion, each item includes a description and other similar descriptive words for that item.
Each of the 10 items has a 0 to 10 numerical score (0 = no, 10 = most). An eleventh
item assess the temporal sequence of pain as constant with intermittent increases, inter-
mittent, or constant with fluctuation. Preliminary validation of the NPS suggested dis-
criminant and predictive validity, and all but one of the NPS items were sensitive to
open-label treatment (41 ). However, the NPS has not yet been used in randomized clin-
ical trials on painful diabetic neuropathy.

NONSPECIFIC EFFECTS OF PAIN TREATMENT

A number of nonspecific effects have to be considered in the interpretation of studies
that deal with the treatment of pain. Two important nonspecific effects in this context
are described below.

Patients with chronic regression to the mean conditions such as diabetic neuropathy
seek medical care and enroll in research studies when symptoms are at their worst.
Thus, the next change is likely to be an improvement. This tendency of extreme symp-
toms or findings to return toward the individual’s more typical state is known as regres-
sion to the mean (42,43).

Placebo Effects

Placebo responses vary greatly and are frequently much higher than the often-cited
one third. Individuals are not consistent in their placebo responses, and a placebo-
responder personality has not been identified (42). The true placebo effect has to be
differentiated from the perceived placebo effect. The latter is a function of several fac-
tors including the true placebo effect and nonspecific effects including the natural his-
tory, regression towards the mean, and other time effects (e.g., increase of skill of the
investigator) and unidentified parallel interventions (e.g., sensitization of the patient to
the problem after inclusion in a trial). In order to obtain the true placebo effect in clin-
ical trials, the nonspecific effects can be identified by including an untreated control
group (44).

Placebo effects on pain have repeatedly been shown to be greater than those on other
symptoms (45). However, placebo effects may not only affect subjective variables, but
also objectively quantifiable ones (44). Placebo effects in conjunction with the natural
history of the disease and regression to the mean can result in high rates of good out-
comes, which may be misattributed to specific treatment effects (42,44).

Recently, some authors argued that placebo-controlled trials should no longer be part
of the gold standard for assessing the efficacy of a new drug. As medical knowledge
accumulates, these trials should become infrequent, because when an efficacious treat-
ment already exists, it is unethical to assign placebo treatment to patients (46). In such
situations, one solution is to use an existing drug for the same disease as an active com-
parison in an equivalence trial (46,47). Such trials generally need to be larger than
placebo-controlled trials, their standard of conduct needs to be especially high, the han-
dling of withdrawals, losses, and protocol deviations needs more care than usual, and
different approaches to analysis and interpretation are appropriate. For example, analy-
sis strategies to deal with unavoidable problems should not center on an intention-to-
treat (as randomized) analysis but should seek to show the similarity from a range of
approaches (47).
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NUMBER NEEDED TO TREAT

The relative benefit of an active treatment over a control is usually expressed as the
relative risk, the relative-risk reduction, or the odds ratio (48). However, to estimate the
extent of a therapeutic effect (i.e., pain relief) that can be translated into clinical prac-
tice, it is useful to apply a simple number measure that serves the physician to select the
appropriate treatment for the individual patient. Such a practical measure is the number
“needed to treat” (NNT), i.e., the number of patients that need to be treated with a par-
ticular therapy to observe a clinically relevant effect or adverse event in one patient
(48-50). This measure is expressed as the reciprocal of the absolute risk reduction, i.e.,
the difference between the proportion of events in the control group (Pc) and the pro-
portion of events in the intervention group (Pi): NNT = 1/(Pc-Pi). The NNT for several
classes of drugs used in the treatment of painful diabetic neuropathy has been calculated
in recent meta-analyses (51).

TREATMENT OF PAINFUL DIABETIC NEUROPATHY

Painful symptoms in distal sensory neuropathy may constitute a considerable man-
agement problem. The efficacy of a single therapeutic agent is not the rule, and simple
analgesics are usually inadequate to control the pain. Therefore, various therapeutic
schemes have been previously proposed (9,52,53). A six-step rational therapeutic algo-
rithm base<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>