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PREFACE 

Diabetic neuropathy is one ofthe 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 ofthe 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 oftheir 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 ofinexpensive, 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 01 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 dailypractice. 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 01 
Diabetic Neuropathy. It was therefore feit 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 
oftreatments 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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Neuropathy 
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IMPLICA TIONS FOR FuTURE EPIDEMIOLOGIC RESEARCH 

INTRODUCTION 

Peripheral neuropathy is a devastating eomplieation of diabetes mellitus beeause of 
the debilitating symptoms it eauses, or associated higher risk of other eomplieations, in 
partieular those involving the lower extremities. The epidemiology of diabetie neuropa­
thy is not as well-understood as other eomplieations of this metabolie disorder, inc1ud­
ing retinal, renal, and eoronary artery disease. Different peripheral nerves may be 
damaged through a variety of pathologie proeesses as deseribed in other ehapters of this 
book. This ehapter will review the prevalenee, incidenee, and risk faetors for different 
types of diabetie neuropathy. The natural history of diabetie neuropathy will be briefly 
deseribed with regard to foot eomplieations. 

There are six major types of diabetie neuropathy: distal symmetrie polyneuropathy, 
autonomie neuropathy, nerve entrapment syndromes, proximal asymmetrie mononeu­
ropathy (also known as diabetie amyotrophy), truneal radieulopathy, and eranial 
mononeuropathy. This ehapter will foeus mainly on the first two types of neuropathy. 
Little is known regarding the epidemiology of the remaining types, probably beeause, 
with the exeeption of nerve entrapment syndromes, these oeeur infrequently. 

From: Contemporary Endocrinology: Clinical Management 0/ Diabetic Neuropathy 
Edited by: A. Veves © Humana Press Ine., Totowa, NJ 
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EPIDEMIOLOGIC PRINCIPLES RELEVANT 
TO THE STUDY OF DIABETIC NEUROPATHY 

Boyko 

In order to understand published research on the epidemiology of diabetie 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 
sampie (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 (1). 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 astronger 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 diabetie 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 (1). 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 diabetie 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 he art-rate variation in response to breathing or the Valsalva maneuver); and 
neuropathie 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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Table 1 
Distal Symmetrie Polyneuropathy: Prevalence, Incidence, and Risk Factors From Cross-

Sectional Research Studies 

Reference Subjects Prevalence Significant Risk Factors Odds Ratio (95% CI) 

(3) 100lODM 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 2.2 (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 100M 34% Diabetes duration, lO-yr 1.2 (1.1-1.2) 
increase 

Glycosylated hemoglobin, 1.4 (1.2-1.7) 
1% increase 

HOL 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% IODM Diabetes duration not reported 

20,037 38% NIDDM Hypertension not reported 
non-DM Poor glucose control not reported 

(I I) 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% IODM 

IODM,80% Height (l-cm increase) 1.06 (1.00-1.13) 
NIDDM) Retinopathy 9.0 (7.7-10.3) 

NIDDM 
Height (I-cm increase) 1.06 (1.03-1.08) 
Age (l-yr increase) 1.02 (1.00-1.05) 
Alcohol "units" /wk 1.03 (1.00-1.05) 

(l-unit increase) 
HbAlc (1 % increase) 1.2 (1.1-1.4) 
Retinopathy 2.1 (1.7-2.6) 

(13) 375 DM (78% a IODM 
IODM) Age notreported 

Diabetes duration not reported 

NIODM not reported 
Height 

(14) 137 NIODM, 53-63%, Not reported 
139 non- depending 
diabetic on the test 
controls 

a Not reported, since all persons with diabetes were not inc1uded in this survey. 
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A community-based study in San Luis Valley, Colorado, measured prevalence of 
neuropathy in a bi-ethnic (Hispanie and Anglo) population (4,5). Neuropathy was 
defined if two of three criteria were satisfied: neuropathie discomfort in feet and legs; 
abnormal Achilles tendon reflexes; and inability to feel an iced tuning fork on the dor­
sum ofthe foot (test ofthermal 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 inc1uded 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 inc1uded 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 inc1uded 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 c1inical examination; 
neuropathie 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 
symmetrie polyneuropathy among 628 IDDM subjects between 8-48 yr of age (9). 
Male subjects who reported higher historie al 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 historicallevels 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 inc1uded 1084 diabetic subjects, 
estimated to be 70% of the total who resided in this geographie area (11). Sensory neu­
ropathy was defined as abilateral 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 ofthe following five criteria ful­
filled the definition of neuropathy: neuropathie 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 preva1ence 
are shown in Table 1. 

A survey of diabetie subjects in a defined community in Sweden yielded 375 subjects 
between the ages of 15-50 with diabetes (78% 1DDM) (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 1DDM 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 
N1DDM, neuropathy was associated with greater height only. 

A survey of N1DDM 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 munieipalities 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 sampie sizes and, in one case, multinational composition. The 
EUROD1AB 1DDM complications study (A cross-sectional c1inic-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 autonomie 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, HbA1c, 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 N1DDM (17). Neuropathy was defined as absence 
of two or more reflexes in the knees and ank1es (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 signifieantly related to ischemic 
skin changes of the foot (smooth or hairless skin), but unrelated to HbA1c, 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 N1DDM 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 1DDM 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 eommunity-based study. Cross-seetional research 
affirms the importanee of intensity and duration of hyperglyeemia as potential risk fae­
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 epidemiologie study of diabetie neuropathy performed to date is 
the Diabetes Control and Complieations Trial (DCCT). Although designed to answer a 
therapeutie question, this trial provides mueh valuable information regarding the inci­
denee of diabetic neuropathy and its relation to glyeemie control. This c1inieal trial 
inc1uded 1161 patients with IDDM who were followed for 5 yr for the development and 
progression of neuropathy (18). Subjeets were randomized to intensive or eontrol treat­
ment groups, after being initially divided into a primary (diabetes for 5 yr or less, no mi­
eroalbuminuria, no retinopathy) or seeondary prevention (diabetes for 15 yr or less, 
moderate or less nonproliferative retinopathy, urinary albumin exeretion less than 200 
mg/24 h) subgroups, depending on the presenee of end-point eomplieations at baseline. 
Clinical neuropathy was defined as two of the three following eonditions: neuropathie 
symptoms; sensory defieit to light touch, position, temperature, or pinpriek; and abnor­
mal deep tendon reflexes. Confirmed c1inieal neuropathy was defined as an abnormal 
c1inical exam plus either abnormal nerve eonduetion in two or more nerves or abnormal re­
sponse to autonomie testing. After 5 yr follow up, the eumulative ineidenee of c1inieal 
neuropathy, eonfirmed c1inieal neuropathy, and abnormal nerve eonduetion was lower 
in the intensively treated vs eontrol groups, irrespeetive of presenee of eomplieations at 
baseline (Fig. 1). Among eontrols, the eumulative ineidenee of c1inieal neuropathy was 
15-21 %, depending on presenee of baseline eomplieations. Cumulative incidenee of 
abnormal nerve eonduetion was very high among eontrols (40-52%). These data 
demonstrate the erueial role of hyperglyeemia in the development of distal symmetrie 
polyneuropathy, but also suggest that neuropathy will eontinue to develop even in inten­
sively treated subjeets exposed to milder degrees of hyperglyeemia. 

Several other prospeetive studies were designed to specifieally define the ineidenee 
of and risk faetors for diabetie 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 faetors for ineident neuropathy in multivariate logistie regression analysis in­
c1uded (OR, 95% CI): height, 2.5 em inerease 1.2 (1.1-1.4); previous foot ulcer 
2.1 (1.0-4.1); age, 1 yr inerease 1.04 (1.00-1.08); glyeohemoglobin, 1% inerease 1.2 
(1.0-1.3); CAGE alcohol score (20), four questions answered positively vs none 
7.0 (1.7-29.0); eurrent smoking 0.2 (0.1-0.7); and serum albumin level adjusted for 
serum ereatinine, 1 mg/dL inerease 0.3 (0.1-0.8). 

Another investigation followed 231 NIDDM subjeets free from distal symmetrie 
neuropathy at baseline for a mean follow-up period of 4.7 yr to assess risk faetors and 
ineidenee of this outeome (21). Distal symmetrie neuropathy was defined as deseribed 
above for the San Luis Valley eross-seetional study (4,5). Incidenee of this outeome 
was 6.1/100 person-years (95% CI 4.7-7.8). In a logistie-regression model that inc1uded 
age, NIDDM duration, insulin treatment, glyeohemoglobin, smoking, Hispanic ethnie­
ity, gender, history of myoeardial infaretion, and angina, the following faetors 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 fema1e 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: neuropathie 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 c1inical 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, a1cohol 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 sampie of 444 younger onset (diagnosed with diabetes before 30 yr of age and tak­
ing insulin) and 406 older on set 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 HbA1c, 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 dinic 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 dassification 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 dinically 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 fJ-g/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 (HbA1c 
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 dinic 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 sampie 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 contradietory results by 
finding female gender and current smoking associated with neuropathy (21). Whether 
these discrepant results arise from differences in neuropathy definition, dissimilar 
patient populations, or both, cannot be determined at the current time. 

PREV ALENCE, INCIDENCE, 
AND RISK OF AUTONOMIC NEUROPATHY 

Oiabetic autonomie 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 100M, abnormal autonomic function, as measured by the E:I 
ratio and the mean circular resultant, was associated with female gender, high LOL cho­
lesterol, and hypertension (31). In addition, abnormal E:I ratio was related to low HOL 
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 
OCCT 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 orthostatie 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 NIOOM 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 dec1ine of 
30 mmHg or more (32). At baseline, 4.9% of NIOOM subjects had parasympathetic 
neuropathy, whereas apparently none had sympathetie 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 press ure, 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 parasympathetie neuropathy. In a similar logistie model for sympathetie 
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 c1inical trial followed 96 100M 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 100M), and found poorer glucose control (HbAlc > 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 diabetie autonomie 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, inc1uding 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 u1cer in association with 
sensory lower-limb neuropathy as measured with the 5.07 monofilament or by vibration 
perception threshold. Diabetic American Indians (n = 356) unable to feel the 5.07 
monofilament had a 9.9-fold increase in risk of incident foot u1cer 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-u1cer 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-u1cer 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-u1cer pathogenesis. 

IS IMPAIRED GLUCOSE TOLERANCEA 
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 weIl. 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 conceming 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 metabolie 
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" metabolie pathogenetic mechanisms include activa­
tion ofthe 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 metabolie insufficiency) of other nonionic 
organic osmolytes such as myo-inositol (MI) (1,6,11) and the ß-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-

From: Contemporary Endocrinology: Clinical Management 0/ Diabetic Neuropathy 
Edited by: A. Veves © Humana Press Ine., Totowa, NI 

13 



14 Stevens et al 

pated effects on nerve osmolyte levels and nerve growth factor metabolism. These 
metabolie 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 (8) and has been attributed to sys­
temic or localized rheologie al abnormalities (15,16) and alterations in vasoactive agents 
inc1uding endothelium-derived nitric oxide (NO) (17,18), eicosanoids (19) and endothe­
lin-l (20,21). 

Increasingly, the complex interdependent nature of the metabolie and vascular 
defects is emerging. Aldose reductase inhibitors (ARIs) that, for example, prevent 
organic osmolyte dep1etion and decrease oxidative stress also correct nerve blood flow 
deficits potentially through effects on both NO and eicosanoid metabolism (22). 
Vasoactive agents inc1uding 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 nuc1eotide couples as it increases steady-state sorbitollevels and converts 
glucose to fructose (6,22) (Fig. 1). 

Evidence Implicating the Aldose­
Reductase Pathway in the Pathogenesis 0/ DPN 

Studies with specific ARIs increasingly implicate this metabolie 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 c1inical trials in patients with DPN, 
doses of potent ARIs that lower sural nerve sorbitol content by 80-85% also reverse the 
histologicalloss of myelinated sensory-nerve fibers (expressed as the density [D] of 
myelinated nerve fibers [MNF] = MNF/mm2 cross-sectional area in serial sural nerve 
biopsies) (26). The yearly improvement in NCV and MNFD with effective ARI treat-
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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 (12). 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 
pathogenetie 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 criticallink between hyperglycemia, cellular 

osmotic dysregulation, and tissue damage in diabetes (6,7,34). In the renal medulla, AR 
is now known to playa 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 organie 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 hypertonie stress, AR prornotes the 
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intraceHular 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 oftaurine and MI, respectively. Osmotic induction 
of these genes is widespread and may QCcur in response to much smal1er osmotie shifts 
than previously suspected. Hyperglycemia-induced isotonie sorbitol accumulation is 
unaccompanied by osmotic induction of other osmoresponsive genes (39,40). Indeed 
the subtle osmotic effects of intraceHular sorbitol accumulation (producing a "relative" 
extracellular hypotonic state) are thought to downregulate the other Na+ -osmolyte 
cotransporters at the transcriptional and/or posttranscriptionallevel (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 weH as osmoregulatory roles 
(6,11,}2,22,44,45). Thus, MI may become limiting for phosphoinositide (PI) signaling 
(11), and taurine depletion may exacerbate oxidative stress and lead to disruption of 
intraceHular calcium homeostasis (44,45). Given the osmoregulatory and metabolie 
importance of taurine and MI under isomolar as weH 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 diabetie and nondiabetic nerves independently 
of nerve sorbitollevels. 

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 chaHenged (8,32,51,52). Oral I % 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 AR! 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 nondiabetie 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 intraceHular MI has been thought to render it rate-limiting for membrane 
PI synthesis and tumover (6,11) 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 (OAG) 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 (61), underlines the functional 
significance of MI depletion and its consequences in EON. 

Taurine Depletion as a Mediator ofGluco-toxicity in Diabetes 
Glucose-induced activation of the AR pathway results in depletion of the ß-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 (11), 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 (12,45). For example, in dia­
betic rat lens, increased malonyldialdehyde (MOA) 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 (12) and nerve taurine replacement partially prevents deficits in nerve 
blood flow and NCV in EON (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 OPN. 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 ofthe 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 mayaIso modulate neuronal hyperexcitability by producing 
hyperpolarization (82) or by inhibiting Ca2 + !calmodulin-dependent protein kinases and 
its depletion may therefore playa 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) inc1uding DPN (8,87). Malonyldialdehyde, adegradation 
product of lipid hydroperoxide, is increased in experimental (88) and human diabetes 
(89). Reduced levels of circulating antioxidants inc1uding 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 (8,100). 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 (100), 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 (88,108) 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-acety1cysteine (113), glutathione itself (101), the chain­
breaking antioxidant lipoic acid (114), and natural antioxidant vitamins C, E, and ß 
carotene (115) 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 (119) inhibited 
collagen-linked fluorescence (10) and increased vascular permeability in diabetic ani­
mals. In diabetic patients, the ARI tolrestat decreases plasma oxygen free-radicallevels 
(99). ARIs mayaIso 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 (12). 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. 

N onenzymatic 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 (121), 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 (118). 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 mayaiso 
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 + A TPase (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 (123), a metabolic pseudohy­
poxia (124) 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 ex-glycerophosphate, 
phosphatidic acid, DAG, and cytidine-diphospho-diglyceride (CDP-DG), while at the 
same time interfering with ß-oxidation of long-chain fatty acids (124) 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 playa 

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 PI-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 (11 ,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
die acid). 

inc1uding 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 (11), and other incubated cells and tissues with relatively 
low AR expression (128) such as retinal microvascular endothelial cells (129) 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 ofthe effects of glucose on 
DAG is intriguing given the varied cellular composition of most tissues prone to dia­
betic complications inc1uding 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 (127) and endothelial cells (129) 
could produce simultaneous but diametrically opposite or at least divergent (134) 
effects on growth factor responsiveness and the cell cyc1e, 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 PI-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 ß 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 isoforrns could be expected 
to ameliorate the effects ofhyperglycemia in some tissues, but may aggravate glucotox­
icity in others. Indeed, the effects of PKC ß I 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-camitine replacement in STZ-D rats can correct nerve 
MI levels independently of polyol pathway activity (138) and the reported ability of 
cyc1o-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 (140) and stimulates efflux (43). However, in con­
trast activation of PKA appears to selectively stimulate MI uptake alone (141, 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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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 ofthe 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 Na+, K+-ATPase activity (6). Decreased Na+, K+-ATPase 
activity may reflect altered energy metabolism (142) 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 (139) (Fig. 6). Moreover, in EDN, PGEl 
analogs (33) and cilostazol (a phosphodiesterase inhibitor) (144) 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+, 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+, K+ -ATPase activity, via both direct metabolie 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 cx isoform of the Na +, K + -A TPase (or 
phosphorylation of its regulatory domain), which principally contribute to these mea­
surements. For example, MNCV 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 cx I (147), 
which in rodents, is highly ouabain resistant (147-149). In contrast, much of the mea­
sured composite ouabain-inhibitible Na+-K+-ATPase activity in whole sciatic nerve 
may reside in the ouabain-sensitive cx2 and cx3 isoforms (147,148) of the unmyelinated 
nerve fibers (149) that contribute little to the measured MNCV. Alternatively, compos­
ite Na +, K + -A TPase correction may be necessary but not sufficient alone to correct 
MNCV slowing. 

The Na+ -K+ -ATPase is a heterodimer comprised of an cx (Mr 112-kDa) subunit, 
which contains the catalytic subunit and the ATP and ouabain-binding site (150,151), 
and is the substrate for protein kinases (152), and a cx subunit (Mr 35 kDa) that may be 
important for membrane binding (153). Three different isoforms of the cx subunit have 
been identified (cxl, cx2, cx3) (148,154), with cxl predominating in peripheral nerve and 
the Schwann cell (148). In STZ-D, a marked and rapid insulin-sensitive reduction in 
the cxl 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 
ofthe other subunits being delayed (147). PKC activation may itself have bidirectional, 
tissue- and species-specific effects on Na+, K+ -ATPase activity. Areduction 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 cx subunit in nerves from 
non-diabetic rats (148), whereas in the STZ-D rat, increased cx 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
bolie 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), wh ich 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 <X -adrenergie-receptor inhibitor prazosin (52), angiotensin-converting 
enzyme (ACE) inhibitors (158), prostagiandin analogs (24), NO donors (159), and those 
with a more indirect vasodilatory action, i.e., ARIs (33), antioxidants (101,112-115), 
acetyl L-camitine (138,160), 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 areduction of endoneurial oxygen in the 
sural nerves of diabetie patients with far advanced polyneuropathy (162), and the devel­
opment of some abnormalities of neural conduction in nondiabetic hypoxie patients with 
chronic-obstructive airway disease (163). Nondiabetic animals exposed to chronic 
hypoxia show some impairment of NCV and resistance to ischemic conduction block, 
abnormalities ofwhich 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 hyperbarie oxygenation, but NCV does not improve (165). Thus, although 
hypoxia may playa 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 anatomie al arrangement of the nerve vasculature has 
been highlighted in mediating both the diabetes-induced deficits of nerve blood flow as 
weIl as the effects of vasoactive therapeutic interventions. The nerve vascular supply 
comprises an intrinsie 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 (166): 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 [A V] 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 therapeutie interventions have been shown to differentially regulate 
endoneurial nutritive and/or A V 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 areduction in nerve blood flow in EDN is gener-
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ally demonstrated by techniques inc1uding laser Doppler flowmetry (161) and hydrogen 
c1earance (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-c1earance 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, dis agreement 
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 Nitrie Oxide Metabolism in Diabetie Neuropathy 
The emergence of the endothelium-derived relaxing factor NO as a potent mediator 

of vasodilatation, macrophage cytotoxicity, and neurotransmission (17,18,171) 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, inc1uding 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 musc1e 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, inc1uding 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 (6,172). Aldose-reductase-mediated consumption 
of NADPH may not only direcdy 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-



28 Stevens et a1 

mine the predominant response of NOS to hyperglycemia. Oeficiency 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 (159). L-arginine transport also 
does not appear to be impaired (175). 

Support for metabolie 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 weIl as the perineurium (133), and presum­
ably the sympathetic ganglia, which would thus make such metabolie interactions a pos­
sibility at any of these sites. In a 3-mo STZ-O 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 EON, despite the ability of the ARI to significantly decrease nerve sor­
bitol and increase nerve MI in the L-NAME treated rats (23). Oespite 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-camitine (160), as 
blockade of NO synthesis reverses many of their beneficial effects in EON. 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 + -A TPase 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 (177) but preserved 
endothelial-independent vasodilatory responses to sodium nitroprusside, nitroglycerin, 
and other agents that directly release NO, implicate adefeet 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 mye1inated 
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 (177) or by decreased 
vascular Na+ -K-ATPase (24) activity potentially resulting in decreased blood fIow 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 sympathetie autonomie 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 astate of 
adrenergic hyperactivity (181), 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 nonnal 
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 
prostagiandin EI-analog administration has been shown to restore NCV to nonnal in 
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diabetic rats (185). Depletion of PGEI in diabetes (182), which is synthesized by both 
COX-dependent and COX-independent (183,184) 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 areduction in the nerve action-potential 
amplitude (187). Nerve cAMP levels are reduced in EDN (188) and nerve prostacyc1in 
levels, cAMP (188), and Na+ -K+ -ATPase activity (185) correlate with each other and 
are corrected by prostagIandin EI administration. Since prostacyc1in levels are typically 
not depleted early in EDN (105), 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 (189). 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 (189). 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 c10sure of A V 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 prostagIandin 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 autonomie tone as 
both PGEI 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 prostacyc1in, which is located within the endothelial cells, which together 
with NO elicits vasodilatation, and thromboxane A2 , which is found mainly in blood 
platelets but also in endothelium and produces vasoconstriction (194) (Fig. 8). Increases 
in vasoconstricting PGH2 (195), (TX) A2 (194), PGF2a, and reduction in vasodilating 
prostacyc1in have been described in isolated diabetic vascular tissue (196). An increase 
in the thromboxane:prostacyc1in ratio (118) 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 A2 (197), whieh will disrupt membrane phospholipids and generate 
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prostaglandins from activated arachidonic acid (198) (Fig. 8). A hypoxic insult mayaiso 
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 (105). The generation of lipid hydroperoxides by the action of free 
radicals may result in increased COX activity and a reduction in prostacyc1in synthase 
activity, thus increasing the thromboxane:prostacyc1in ratio with resultant vasoconstric­
tion and platelet aggregation. Phospholipase activation mayaiso generate leukotrienes, 
which may further compound the damage to the endothelial cell and are important 
regulators of A V shunt flow (191). However, eieosanoids mayaiso serve to limit the 
detrimental effects of ischemia by inhibiting superoxide anion production (199). Thus, 
disruption of eieosanoid 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 
defieits, Na+ -K+ -ATPase activity and NCV slowing. Dietary MI supplementation and 
gamma-lino1enic acid (GLA, from evening primrose oil) (49,136,200), may be working 
at least partly by increasing eieosanoid production as both may increase arachidonie 
acid and their effects on nerve function can be blocked by COX inhibition (Stevens, 
unpublished observations refs. 189,190). A major component ofthe 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 (144) and the beneficial effects of ARIs on 
MNCV 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 defieits 
in some metabolic pathways may minimize defieits in others. 

DISRUPTION OF GROWTH FACTORS 
Increasingly, alterations in the metabolism of nerve growth factors are implicated in 

the pathogenesis of both DPN as weH as autonomie neuropathy. Growth factors can 
rescue the nervous system from damage (201,202). The prototypie and perhaps best­
studied neurotrophie 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 sympathetie 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 ventric1es, 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 
inc1ude three additional neurotrophie 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 (213), and collateral 
sprouting (214), and is expressed in target fields during their innervation (215) suggest­
ing that it may present neurotrophins to high-affmity 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 dec1ine 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 Band 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 additionallocal action ofNGF has been proposed (217). 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 prornotes the survival of musc1e afferents and may primarily sup­
port proprioceptive neurons. NT-3 mayaIso regulate the survival of sympathetic gan­
glion neuronal precursors thattransiently 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 la sensory afferents and 
musc1e spindIes, 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 inc1uding 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 inc1udes upregulation of tyrosine hydroxyl ase (TH) mRNA and Tal 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, inc1uding 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 playa 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 uns at­
urated (238). Indeed, in diabetic autonomic neuropathy subjects, serum NGF levels are 
reduced (239) and it has been suggested that NGF autoantibodies may playa 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) inc1uding the 
sciatic nerve (237) and submandibular glands (the latter decreasing NGF in the superior 
cervical ganglion) (243,244). However, in some target tissues, inc1uding the atria and 
ventric1es, 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 apart of a more widespread transport dysfunction in diabetes 
that inc1udes proteins, glycoproteins, and neurotransmitters (246). Thus impaired 
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axonal transport, particularly the retrograde flow of neurotrophins, may playa 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-methy1catechol, 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. Arecent 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-II mRNAs (260), unlike IGF I, which is expressed by both (260). Both IGF land II 
increase the number of cells with neurites and the length of neurites in cultured human 
neuroblastoma ceHs (261) and cultured spinal-cord motor neurons (262) as weH as act 
as mitogens for the former. IGF receptors are found on the shafts and terminals ofaxons 
(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).1n 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 ofaxon-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-( 1,2) 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 diabetie peripheral neuropathy (1). The study 
reported significant correlations with age, duration of diabetes, quality of metabolie 
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 11 diabetie patients (4). Well-established correlates of dia­
betic neuropathy inc1ude increasing age, increasing duration of diabetes, poor glycemic 
control, retinopathy, and albuminuria (1). Less well-established correlates of diabetic 
neuropathy inc1ude increasing height, hypertension, and cardiovascular risk factors 
(1,4). The differing clinical presentations of the several neuropathie syndromes in dia­
betes suggest varied etiological factors. 

The c1inical 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, diabetie neuropathy is a 
major contributor to male impotence and other autonomie symptoms that are thankfully 
rare (5,6). 
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Table 1 
The Varied Presentations of the Neuropathie 

Syndromes Associated with Diabetes 0 D Ward) 

Chronie insidious sensory neuropathy 
Acute painful neuropathy 
Proximal motor neuropathy 
Diffuse symmetrie al motor neuropathy 
The neuropathie foot 
Pressure neuropathy 
Focal vascular neuropathy 
Neuropathy present at diagnosis 
Treatment induced neuropathy 
Hypoglycemie neuropathy 

T esfaye and Ward 

Diabetie peripheral neuropathy presents in a similar way to neuropathies of other 
causes, and thus the physician needs to carefully exc1ude other common causes before 
attributing the neuropathy to diabetes. Absence of other complications of diabetes, rapid 
weight loss, excessive a1cohol intake, and other atypical features in either the history or 
c1inical examination should alert the physician to search for other causes of neuropathy. 

CLINlCAL CLASSIFlCATION OF DIABETIC NEUROPATHIES 

Although c1inical c1assification of the various syndromes of diabetic neuropathies are 
often difficult because of the very considerable overlap in the mixture of c1inical fea­
tures, attempts at c1assification 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 c1assification for diabetie neuropathies that 
c1early separates them into three distinct groups. These inc1ude: 

1. Progressive neuropathies that are associated with increasing duration of diabetes and 
with other diabetie complications. These are predominantly sensory, and autonomie 
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 whieh 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 c1assifying diabetic neuropathies takes into account the various 
distinct clinical presentations to the physician. One such c1assification proposed by 
Ward (5) is depicted in Table 1. This practical approach to the c1assification of diabetic 
neuropathies is useful in characterizing the various syndromes and hence enabling the 
c1inician to have workable, crude definitions, and in planning treatment. 

Low and Suarez (8) have recently suggested a modified form of c1assification of the 
diabetic neuropathies originally proposed by Bruyn and Garland (9). This c1assification 
principally considers whether the presentation was symmetrical or asymmetrical as 
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Table 2 
Classification of Diabetic Neuropathy 

Symmetrical neuropathies 
1. Distal sensory and sensorimotor neuropathy 
2. Large-fiber type of diabetie neuropathy 
3. Small-fiber type of diabetie neuropathy 
4. Distal small-fiber neuropathy 
5. Insulin neuropathy 
6. Chronic inflammatory demyelinating polyradieuloneuropathy (CIDP) 
Asymmetrical neuropathies 
1. Mononeuropathy 
2. Mononeuropathy multiplex 
3. Radiculopathies 
4. Lumbar plexopathy or radiculoplexopathy 
5. Chronie inflammatory demyelinating polyradiculoneuropathy 

Adapted from Low and Suarez (8). 
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shown in Table 2. It is important to appreeiate that the separation into symmetrieal and 
asymmetrie al neuropathies, although useful in identifying distinet entities, is an over­
simplifieation of the truth as there is a great overlapping of the syndromes. 

SYMMETRICAL NEUROPATHIES 

Chronic Distal Symmetrical Neuropathy 
This is the most eommon neuropathie syndrome. It is a diffuse symmetrieal disorder, 

affeeting principally the feet in a stoeking 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 c10se assoeiation with autonomie neuropathy, whieh is often subc1in­
ieal and ean only be deteeted by autonomie funetion tests. As the disease advanees, it 
beeomes a sensorimotor neuropathy; however, signifieant motor involvement is rare in 
most eases, early in the course of the disease. 

Symptoms 

The patient describes a progressive build-up of unpleasant sensory symptoms inc1ud­
ing tingling (parasthesia); burning pain; shooting pains down the 1egs; lancinating 
pains; eontact pain often with daytime c10thes and bedc10thes (allodynia); pain on walk­
ing often described as "walking barefoot on marb1es," 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 affeeted, resulting in distal neuropathy, partieularly as epidemiologieal 
studies have reeently shown the assoeiation between height and prevalenee of diabetie 
neuropathy (1,11). This suggests a distal axonopathy of the "dying-baek" type in whieh 
neurons with the longest axons are unable to support the more distal parts, possibly 
beeause of impairment ofaxonal transport. 

Autonomie symptoms are rare, but subc1inieal autonomie neuropathy is eommonly 
found in patients with ehronie distal symmetrieal neuropathy (12). Depressive symp­
toms are also not uneommon, partieularly in those who have painful neuropathy that is 
eomplieated with loss of sleep, unemployment, and limitation in exereise toleranee 
(13-15). Diabetie neuropathie pain is eharaeteristieally more severe at night, and often 
prevents sleep (14,15). Oeeasionally, severe pain ean extend above the feet and may 
involve the whole of the legs, and when this is the ease there is upper-limb involvement 
also. The presenee of neuropathie pain is usually unrelated to the severity of nerve dys­
funetion or pathology (16). Despite pain being the prominent feature in these subjeets, 
however reeent sural nerve biopsy studies have shown axonal degeneration affeeting 
fibers of all sizes (16). Assessment of severity of neuropathie symptoms is diseussed in 
Chapter9. 

Some patients may never have had any symptoms at all, and their first presentation 
may be with a foot u1cer (17). Moreover, in some patients with painful neuropathy, pro­
gressive degeneration of nerve fibers may lead to foot numbness, the so ealled "painful, 
painless" leg (18). The numb foot is at risk of developing meehanieal and thermal 
injuries, and patients must therefore be warned about these (17,18). With severe large­
fiber involvement, patients may have unsteadiness on walking beeause of sensory ataxia. 

Signs 
On c1inieal examination, the most eommon presenting abnormality is a reduetion or 

absence of vibration sense in the toes. As the disease progresses there is sensory loss in 
a "stoeking" and sometimes in a "glove" distribution involving all modalities. When 
there is severe sensory loss, proprioeeption mayaiso be impaired, so as to eause positive 
Romberg's sign. Tendon reflexes at the level ofthe ankle and oeeasionally in the knees 
are usually redueed or absent. Musc1e strength is usually normal, although mild weak­
ness may be found in toe extensors. With progressive disease, there is signifieant gen­
eralized museular wasting, partieularly in the small musc1es of the hands and feet, 
oeeasionally leading to c1awing. This leads to elevated pressure points at the metatarsal 
heads that are prone to eallus formation and reeurrent foot u1ceration (17). 

Upper-limb involvement is uneommon, and oeeurs usually in patients with advaneed 
disease in the feet and legs. The fine movements of fingers would then be affeeted, and 
there is diffieulty in handling small objeets. However, wasting of dorsal interossei is 
usually eaused by entrapment of the ulnar nerve at the elbow. Entrapment of the median 
nerve eausing earpel tunnel syndrome is more commonly found in diabetes than in the 
general population, and results in a reduetion of the musc1e bulk in the thenar eminenee. 

Bedside eardiovaseular autonomie funetion tests (ehanges in blood pressure and 
heart rate from the lying position to standing), are frequently abnormal in patients with 
peripheral neuropathy. Autonomie neuropathy affeeting the feet ean also eause a redue­
tion in sweating and eonsequently dry skin that is likely to craek easily, predisposing the 
patient to the risk of infection (17). The purely neuropathie foot is also warm beeause of 
arterio/venous shunting (19), whieh eauses 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 
typieally raised (20). The inereasing blood flow brought about by autonomie neuro­
pathy ean sometimes result in neuropathie edema, whieh is resistant to treatment 
with diureties. 

With severe peripheral neuropathy, there eould be eomplete anesthesia below the 
knees, with marked loss of proprioeeption. Tendon reflexes are usually absent. The 
patient is disabled with marked unsteadiness on walking, beeause 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 eorrelates with the severity of 
neuropathy (21). There may rarely be an assoeiated bilateral foot drop, and the patient is 
disabled with marked unsteadiness on walking and adopts a typieal stamping gait. 

The more serious eonsequenee of advaneed diabetie peripheral neuropathy is the 
development of diabetie foot ulceration and deformities (clawing of feet with high areh 
as a eonsequenee of wasting of the small muscles of the feet, whieh leads to prominent 
metatarsal heads). Rarely, patients with long-standing diabetes with both somatie and 
autonomie neuropathy, may develop Chareot arthropathy. The feet should therefore be 
earefully examined for the presenee of neuropathie foot ulcers that are usually loeated 
over the metatarsal heads but are also eommonly eneountered over the toes (oeeasion­
ally hidden between toes) and sometimes over the heels or the malleoli. Neuropathy 
eausing loss of pain and temperature sensation eoupled with elevated press ure points is 
the usual initiating faetor for diabetie foot ulceration. Other eontributing faetors include 
limited joint mobility, autonomie neuropathy (skin dryness and fissuring eaused by 
anhidrosis; arteriovenous shunting eausing impaired nutritive eapillary blood flow), and 
peripheral vaseular disease. 

Small-Fiber Neuropathy 
Some authorities have advoeated the existenee of small-fiber neuropathy as a distinet 

entity (22). A prominent feature of this syndrome is neuropathie pain that may be dis­
abling, even though physieal signs of neurologie al damage are relatively not severe. 
Oeeasionally 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 eomplieation. 

The pain is deseribed as buming, deep, and aehing. The sensation of pins and needles 
(parasthesia) is also often experieneed. Contaet hypersensitivity may be present. On 
clinieal examination there is little evidenee of objeetive signs of nerve damage, apart 
from a reduetion in pinpriek and temperature sensation, whieh are redueed in a "stoek­
ing" and "glove" distribution. There is relative sparing of vibration and position sense 
(beeause ofrelative sparing ofthe large diameter Aß fibers). Muscle strength is usually 
normal and reflexes are also usually normal. Autonomie funetion tests are frequently 
abnormal and affeeted male patients usually have ereetile dysfunetion. 

Eleetrophysiologieal tests support small-fiber dysfunetion. Sural sensory eonduetion 
velocity may be normal, although the amplitude may be redueed. Motor nerves appear 
to be less affeeted. Controversy still exists as to whether small-fiber neuropathy is a dis­
tinet entity or an earlier manifestation of ehronie sensory motor neuropathy (22-24). 
Said et al. 's (22) morphometrie 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 
diabetie polyneuropathies that was eonfirmed by detailed sensory and autonomie fune-
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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 ojChronic 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 distinct1y different in subjects 
with painful and painless diabetic neuropathy associated with foot ulceration. Y oung 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 buming pain associated with allodynia (discomfort 
produced by tactile stimuli), and there is noctumal exacerbation of symptoms. The pain 
is likened to walking on buming 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 buming 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 alm ost guaranteed improve­

ment (37) in contrast to chronic distal symmetrical neuropathy (30,31). 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 buming pain, parasthesia, allody­
nia, often with a noctumal 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 chronie neuropathy with active regen­
eration (42), whereas degeneration of both myelinated and unmyelinated fibers was 
found in acute painful neuropathy ofpoor glycemic control (37). Arecent study looking 
into the epineurial vessels of sural nerves in patients with acute painful neuropathy of 
rapid glycemic control demonstrated marked arterio/venous abnormality inc1uding 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 endoneurlum 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 redudng the 
nutritive flow ofnormal 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
pathie syndromes (45). Asymmetrical neuropathies tend to predominantly affect older 
patients (46,47), and are more common in men. Unlike chronie 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 exc1ude 
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 c1inical 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 exc1ude 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. 
Phrenie nerve involvement in association with diabetes has also been described, 
although the possibility of apressure lesion could not be exc1uded (52). 

Press ure (Entrapment) Neuropathies 
A number of nerves are vulnerable to pressure damage in diabetes. In the Rochester 

Diabetie Neuropathy Study, which was a population-based epidemiologieal study, 
Dyck et al. (53), found electrophysiologieal evidence of median nerve lesions at the 
wrist in approx 30% of diabetic subjects, although the typieal 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 press ure 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 
ofthe 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 ofthe 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 ofthe 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 N europathy 
(Femoral N europathy, 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 feIt deep in the thigh, but can sometimes be of buming 
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 (61). 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/saeral spine, a ehest X-ray, and ultrasound of the 
abdomen may be required. Eleetrophysiological studies may demonstrate inereased 
femoral-nerve lateney and active denervation of affected musc1es. Oecasionally more 
detailed investigation with MR imaging may be required. Cerbrospinal fluid protein has 
been reported to be raised. 

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

Coppaek and Watkins (58) have reported that pain usua1ly 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. Reeurrenee on the other side is a rare event. Management is largely sympto­
matic and supportive. Patients should be eneouraged 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). Aceompanying pain and depression 
should be adequately treated (see Chapters 9 and 10). Extension exereises aimed at 
strengthening the quadriceps mayaiso 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 (1). 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 astoie 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 varlous 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 graphie 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 deve10ped by PJ Dyck 
and his colleagues at the Mayo Clinic. They first developed the Neuropathy Symptom 
Score (NSS) which consisted of 17 symptoms of musc1e 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 inc1uded 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 c1inieal 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 bedc10thes 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 dis advantage 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 c1inical 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 neurologie deficit was scored using a 
scale from ~, 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, inc1uding 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 (11). 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 c1inical 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 c1inical or epidemiological trials in which more than one center are 
involved or can be part of the c1inical 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, abrief c1inical 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 ofthe examination, the Michigan Diabetic Neuropathy Score (MNDS) that 
inc1udes a c1inical neurological examination, involving vibration perception threshold 
measurements, pain, light touch, and a lO-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 c1inical examination in which asensation can be 
described as present, reduced, or absent. Its main dis advantage is that it does not exc1u­
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 (1). 

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 c1inical practice by nonspecialists. 

Vibration Perception Threshold 
The sense of vibration is transmitted through the large myelinated (A-ß) fibers. In 

healthy subjects, the vibration threshold is higher in the lower extremities when com­
pared to other parts of the body (14). 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 (15,16). 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, wh ich 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 II 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 (18). 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 c1inical 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 apressure of lOg are at high risk for foot ulceration and candidates for 
preventive treatment (23,24). 

The main advantages of the Semmes-Weinstein mono filaments 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 pI aces 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 constaut 
pressure of lOg on the tested area. A number of monofilaments are available with different diameter 
applying different amount of press ure on the skin. Failure to feel apressure of 10 g or less is indica­
tive of high risk for foot ulceration. 
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ing abrief c1inical 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 c1inical studies. However, as none of 
them have been widely accepted for c1inical practice, a detailed description of these 
methods would be beyond the scope of this chapter. 

WARM AND COLD 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 ofboth 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. 

ELECTROPHYSIOLOGlCAL 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 electrophysiologieal 
measurements as primary end-points in clinical trials of new therapeutic modalities (1). 
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 clinieal practiee, with the very rare exception of patients in whom the eause 
of peripheral neuropathy cannot be determined by any other method. 

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

COMPARISON AND RELATIONSHIP OF THE 
DIFFERENT METHODS USED FOR THE 

DIAGNOSISAND STAGING 
OF DIABETIC NEUROPATHY 

The histologie ehanges in sural nerve biopsies are the gold standard against whieh the 
effieaey of every other method employed in the diagnosis of diabetic neuropathy is 
eompared. As nerve biopsies cannot be performed on a routine basis, extensive research 
has been condueted over the past deeade examining the relationship of all the previ­
ously deseribed noninvasive teehniques and the morphometrie measurements. 

Assessments ofthe Neuropathie Symptoms 
No clinieally signifieant correlations have been found by most of the studies between 

neuropathie symptoms and objeetive measurements of neuropathie 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 r = -0.58 (data from 
ref.30). 

small but statistically significant correlations have been reported (41-43). 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 0/ Clinical Signs 
In contrast with the clinical symptoms, satisfactory correlations have been obtained 

between measurements of c1inical 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 (13,30). In brief, all 
NDS methods showed similar, and very satisfactory, relationships with VPT and nerve 
conduction velocities, indicating that a proper c1inical 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 inc1uded 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 

Vibration perception threshold (VPT) 
Nerve conduction velocities 

Modified 
NDS 

0.68 
-0.58 

Michigan 
NDS 

0.61 
-0.59 

Mayo 
NDS 

0.60 
-0.66 

69 

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 inc1uded 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
betie neuropathy (41). 

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

Electrophysiologic M easurements 
As mentioned previously, eleetrophysiologie measurements provide objeetive results 

with a very satisfaetory reliability and reprodueibility. It is therefore no surprise that 
these measurements have been found to give the best eorrelations with the histopatho­
logie nerve ehanges. In healthy subjeets, the nerve eonduetion veloeity of a partieular 
nerve ean be sueeessfully 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 
ofthe 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 elose 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 elinical 
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 ineluding 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 elinical practice, where access to sophisticated equipment is limited, the 
diagnosis can be based on abnormalities of the elinical 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 elinical signs should inelude 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 (NOS), 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 11 in which either symp­
toms or signs or both are present (1). 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, B 12 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 autonomie polyneuropathy, 
constitutes the most common chronic symptomatic complication of diabetes mellitus 
and affects approx 17 million people in the United States and Europe (1). 

Diabetic peripheral polyneuropathy is a disorder demonstrating progressive nerve 
fiber loss, atrophy, and nodal changes manifested clinieally as deteriorating nerve func­
tion with or without accompanying dysesthetie and/or paresthetic symptoms (2). The 
disease culminates in severe sequelae such as insensitivity to pain, anesthesia, limb 
deformities, foot u1cerations, infections, and limb amputations. Although sensory loss 
corresponds to the degree of fiber loss (3), neuropathic symptoms are diffieult to assess 
and unreliable indieators ofthe degree ofnerve fiber injury (4). They tend to be highly 
variable, transient, and diffieult 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
logieal 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 weIl 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 correct1y 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 c1inieal 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 c1ear that basic morphometric 
measures such as fiber densities correlate well with electrophysiologie parameters (15). 
However, in subsets of biopsies in which more detailed morphometric analyses have 
been performed, specifie 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 diabetie neuropathy, the striking fiber 
atrophy and loss of myelinated and unmyelinated fibers are associated with segmental 
demyelination, Wallerian degeneration, and morphologie changes of the node of Ran­
vier that constitute the hallmarks of human diabetie neuropathy (9,17-21). The proxi­
mal-to-distal gradient of these changes together with the topographic and temporal 
occurrence of neurologie al 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 inc1uding 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 diabetie neuropathy (26,27). In diabetie rat 
models, such as the type I spontaneously diabetic BB/W rat, carefullongitudinal studies 
have delineated a sequence ofaxonal 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 
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Fig. 1. Sequenee of nodal ehanges 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 intemode. 

Na+ -K+ -ATPase that is topographically concentrated to the node of Ranvier (30). 
These changes are followed by axon al 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 weIl 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 baITier (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 intemodes (Fig. I). 

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). 
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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 occ1usion ofthe vessellumina (22). Rarely, microthrombi composed of 
platelets have been demonstrated in nerve biopsies (35). The most characteristic change 
is that ofbasement membrane thickening either because of duplication ofbasement mem­
branes or homogeneous basement-membrane thickening. Additional changes inc1ude 
proliferation and swelling of endothelial cells (24,25,36). The degree of microangio­
pathic changes correlate with the severity of nerve-fiber pathology and c1inical severity 
ofthe neuropathy (36). These findings led to a revitalization ofthe 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 c1osure, 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 c1osure, 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 c1ear 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 acce1erated atherosc1erosis 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 EI 
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 
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common, it is not surprising that the pathologic expression of neuropathie 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 signifieantly higher frequency ofWallerian 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 ofmechanistic 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
phometrie assessment of semithin plastie-embedded cross sections of sural nerve; and 
single-teased-fiber analyses of a minimum of 100 randomly se1ected myelinated fibers, 
although this technique has not been used in recent trials. Light-microscopie 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 
characteristie of diabetic polyneuropathy can be assessed by the frequency of fibers 
exhibiting nodal swelling, paranodal demyelination, and intercalated remyelinated 
intemodes (34,45) (Fig. 1). A measure ofaxonal atrophy is obtained by the frequency of 
fibers exhibiting excessive myelin wrinkling. Other specifie 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, whieh has 
been shown to be a valuable overall reciprocal measure of pathology that corre1ates well 
with electrophysiologie 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 sampies 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 ofaxonal atrophy and magnitude of axoglial dysjunction 
and nerve conduction velocity (16). 

There is evidence to suggest that both the pathologie 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 electrophysiologie 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 

Sural 
Peroneal 
Median sensory 
Median motor 

Amplitude 
(% 0/ normal) 

38.8 
68.9 
57.8 
92.1 (N.S.) 

Correlation with 
Sural Nerve Fiber 

Density 

r p-value 

0.44 
0.25 
0.34 
0.08 

0.0001 
0.0001 
0.0001 
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. 
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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 UTILIlY 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 



84 Sima 

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 pathologie 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 atrophie 
fibers or repair of the destructive nodal pathology (axoglial dysjunction and paranodal 
demyelination) by intercalated remyelinated intemodes. 

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 clinieal trials should be interpreted with cau­
tion and their signifieance 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
betie neuropathy between IDDM and NIDDM patients. Therefore, it will be paramount 
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in future c1inical 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 c1inical 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 
diabetie patients during the course oftheir disease (2). Neuropathie sequelae, including 
foot infections, nonhealing foot u1cers, 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 therapeutie approach we 
have used for the care of patients with diabetic neuropathy will be discussed. 

CLASSIFlCATION 

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 symmetrie sensorimotor polyneuropathy (DPN) 
Diabetie autonomie neuropathy (DAN) 
Diabetie polyradieulopathy 

L-2, L-3, L-4 roots: diabetie amyotrophy 
T -4-T -12 roots: diabetie thoracie radieulopathy 
L-5, S-1 (S-2) roots 
C-5, C-6 (C-7-T-1) roots 

Diabetie polyradieulopathy plus DPN 
Diabetie eranial mononeuropathies 
Diabetie limb mononeuropathies 

Upper-extremity mononeuropathies 
Lower-extremity mononeuropathies 

Diabetie 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 autonomie nervous system, 
resulting in diabetic autonomie neuropathy; thoracic and lumbar nerve roots, produc­
ing diabetic polyradiculopathy; isolated peripheral nerves, particularly median, ulnar, 
and femoral nerves, yielding diabetie mononeuropathies; and cranial nerves, especially 
the third nerve, producing cranial mononeuropathies. Commonly encountered diabetie 
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 autonomie neuropathy, polyradieulopathy, and both peripheral and cra­
nial mononeuropathies. 

DISTAL SYMMETRIe 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 aperiod 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 diabetie patients from 109 dinies in Italy and diagnosed DPN in 32.3% 
ofpatients; severity ofDPN correlated with duration of diabetes (12). 

DPN is initially manifested as a sensory disorder of the feet, refleeting distal axon 
10ss. With disease progression, sensation loss ascends up the legs. When DPN reaches 
midcalf, patients commonly notiee sensory 10ss 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 u1ceration for­
mation. Ulceration is commonly divided into two categories: acute and chronic. Acute 
foot u1cers occur when improper footwear results in dermal abrasion in a patient with 
poor or absent sensation. Chronic u1ceration is more likely multifactorial, occurring in 
patients with not only DPN, but also autonomie neuropathy and compromised vascular 
supply. Motor axonalloss 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 u1cerate. Callus formation and its sequelae are further promoted by sen­
sory loss and vascular insufficiency. Resulting u1cers 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 (16). 

Pathogenesis 0/ 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 ofDPN 
are placed into one of two categories: metabolie or vaseular. It is increasingly accepted 
that these defects are interrelated and their cumulative interactions result in the devel­
opment ofDPN (2,16,17). 

The most popular metabolie theory proposes that aldose reductase converts glucose 
to sorbitol as part of the polyol pathway. In the diabetic microenvironment, elevated 
sorbitol results in reciproeal deereases of myo-inositol and taurine, whieh beeome rate­
limiting for essential intraeellular metabolism (2,19-21). The vaseular theory, onee 
eonsidered separate from the metabolie theory, contends that reduced nerve blood flow 
and resulting hypoxia/ischemia aecount for the development of DPN (22-25). It is now 
clear that the metabolie 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 metabolie 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 ceHs 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 ofnerve 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 weH as nerve growth factor are 
in phase 3 human c1inical trials for the treatment of DPN. Recent studies on antioxidant 
therapies in rodents are promising and have led to a proposed c1inical trial in humans 
with the antioxidant a-lipoic acid. 

This review will focus on the therapeutic strategies currendy available for the treat­
ment of DPN. Further discussion on the use of aldose reductase inhibitors, growth fac­
tors, and antioxidants awaits successful completed c1inical trials of these compounds. 

TREATMENT 

The authors have three treatment strategies in their c1inic. 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 Diabetie Neuropathy 

I. Distal symmetrieal polyneuropathy 
A. Metabolie 

1. Diabetes mellitus 
2. Uremia 
3. Folie aeid/eyanoeobalamin defieieney 
4. Hypothyroidism 
5. Aeute intermittent porphyria 

B. Toxie 
1. Alcohol 
2. Heavy metals (lead, mereury, arsenie) 
3. Industrial hydroearbons 
4. Various drugs 

C. Infeetious or inflammatory 
1. Sareoidosis 
2. Leprosy 
3. Periarteritis nodosa 
4. Other eonneetive-tissue diseases (e.g., systemie lupus erythematosus) 

D. Other 
1. Dysproteinemias and paraproteinemias 
2. Paraneoplastie syndrome 
3. Leukemias and lymphomas 
4. Amyloidosis 
5. Hereditary neuropathies 

11. Pains and paresthesias without neurologie defieit 
A. Early small-fiber sensory neuropathy 
B. Psyehophysiologie disorder (e.g., severe depression, hysteria) 

III. Autonomie neuropathy without somatie eomponent 
A. Shy-Drager syndrome (progressive autonomie failure) 
B. Diabetie neuropathy with mild somatie involvement 
C. Riley-Day syndrome 
D. Idiopathic orthostatie hypotension 

IV. Diffuse motor neuropathy without sensory deficit 
A. Guillain-Barre syndrome 
B. Primary myopathies 
C. Myasthenia gravis 
D. Heavy-metal toxieity 

V. Femoral neuropathy (saeral plexopathy) 
A. Degenerative spinal-dise disease (e.g., Paget's disease of the spine) 
B. Intrinsie spinal-eord-mass lesion 
C. Equina eauda lesions 
D. Coagulopathies 

VI. Cranial neuropathy 
A. Carotid aneurysm 
B. Intraeranial mass 
C. Elevated intraeranial pressure 

VII. Mononeuropathy multiplex 
A. Vaseulidites 
B. Amyloidosis 
C. Hypothyroidism 
D. Aeromegaly 
E. Coagulopathies 

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, 5th ed. 
Appleton and Lange, Stamford, CT 1997, pp. 1009-1076. 
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Early Diagnosis 0/ DPN 
The early diagnosis of DPN is imperative; it allows for early intervention that signif­

ieantly decreases patient morbidity. Unfortunately, there is no one test to diagnose 
DPN. It is essential that other causes ofneuropathy are exeluded before DPN is ascribed 
to the diabetic state (Table 2) (2). This is particularly important ifthere are any atypieal 
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, inelud­
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 ineluded: a symp­
tom questionnaire, a standardized elinical examination, quantitative sensory testing, 
nerve conduction studies, and autonomie function testing. Patients are then elassified as 
either stage I (no symptoms) or stage 11 (symptoms) neuropathy and within each stage 
are further grades from a to c depending on the number of positive test results and the 
severity oftheir elinical 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 elinical trials, ineluding 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
pietion of the San Antonio criteria difficult. In the United Kingdom, a two-part symp­
tom and sign score is utilized, yielding a neuropathy dis ability 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 Miehigan 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 u1ceration. Then 
vibratory sensation is assessed in the great toes and ankle reflexes are tested. A score of 
> 2 indieates neuropathy with both a high sensitivity (80%) and specificity (95%) (13). 
Because of its simplicity, the Miehigan 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 neurologieal examination (Fig. 3A) and nerve 
conduction studies (Fig. 3B). Results of these two examinations give a summated 
Miehigan 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 ofthe sole ofthe 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 ofDPN (36,37). 
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Table 3 
Classification and Staging of Diabetic Neuropathy 

CLASS I: Subclinieal neuropathya 
A. Abnormal eleetrodiagnostie tests (EDX) 

1. Deereased nerve eonduetion veloeity 
2. Deereased amplitude of evoked muscle or nerve aetion potential 

B. Abnormal quantitative sensory testing (QST) 
1. Vibratory/taetile 
2. Thermal warming/eooling 
3. Other 

C. Abnormal autonomie funetion tests (AFT) 
1. Diminished sinus arrhythmia (beat-to-beat he art-rate variation) 
2. Diminished sudomotor funetion 
3. Inereased pupillary lateney 

CLASS 11: Clinieal neuropathy 
A. Diffuse neuropathy 

1. Distal symmetrie sensorimotor polyneuropathy 
a. Primarily small-fiber neuropathy 
b. Primarily large-fiber neuropathy 
e. Mixed 

2. Autonomie neuropathy 
a. Abnormal pupillary funetion 
b. Sudomotor dysfunetion 
e. Genitourinary autonomie neuropathy 

1. bladder dysfunetion 
2. sexual dysfunetion 

d. Gastrointestinal autonomie neuropathy 
1. gastrie atony 
2. gall bladder atony 
3. diabetie diarrhea 
4. hypoglyeemie unawareness (adrenal medullary neuropathy) 

e. Cardiovaseular autonomie neuropathy 
f. Hypoglyeemie unawareness 

B. Foeal neuropathy 
1. Mononeuropathy 
2. Mononeuropathy multiplex 
3. Plexopathy 
4. Radieulopathy 
5. Cranial neuropathy 

95 

a Neurological function tests ate abnormal but no neurological symptoms or clinically detectable neuro­
logical deficits indicative of a diffuse or focal neuropathy ate 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 ate present, and Class Ic if an EDX and either AFT or QST abnormalities or both ate 
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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~N~ ____________________ __ 

Pt. ldentification #: _______________ _ 

~:------------------------

MICHIGAN NEUROPATHY SCREENING INSTRUMENT 

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

1. Appearance ofFeet 

Right 

a. Normal 00 Yes 01 No 

b. If no, check all that apply: 

Defonnities 0 
Dry skin, callus 0 
Infection 0 
Fissure 0 
Other 0 
specify: ________ _ 

Right 

2 . Ulceration 
Absent 

00 
Present 
01 

3 . Ankle Reflexes 

4 . Vibration 
perception at 
great toe 

Present 
00 

Present 
00 

Presentl 
Reinforcement 

00.5 

Decreased 
00.5 

Signature.: _____________ _ 

Absent 
01 

Absent 
01 

Left 

Normal 00 Yes 01 No 

If no, check all that apply: 

Defonnities 0 
Dry skin, callus 0 
Infection 0 
Fissure 0 
Other 0 
specify: 

Left 

Absent 
00 

Present 
01 

Present 
00 

Present 
00 

Presentl 
Reinforcement 

00.5 

Decreased 
00.5 

Absent 
01 

Absent 
01 

Total Score _____ /8 Points 

Fig. 2. Michigan Neuropathy Screening Instrument. A score of> 2 indicates DPN. (Used with per­
mission from Feldman EL, Stevens MI, 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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ttoe 

I Muscle Strength TesUng 

BWn 
Finger spread 
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Finger spread 
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l&f1 
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Biceps brachii 
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Quadriceps femoris 

Achilles 

Sural 

Median 
Ulnar 

Peroneal 
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Normal 
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l3!i.Dflll 
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Normal 

0 
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0 
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Normal 

0 

0 
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o 
o 
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o 
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1 
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2 

Decreased 

1 
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Mild to Moderate Severe 
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2 

2 

2 

Present with Reinforcement 
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2 
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2 
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3 
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3 

3 

3 
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2 

2 

2 

2 
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2 

2 

2 

2 

TOTAL: __ /46 PIs. 

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 VISITDATE 

----- -- ---- ---- UJI I I ILU 
DAY MONTH YEAR 

VISIT 
Date Date Date Date Date 

Abnormal Clinical Score Score Score Score Score 
CLASS Nerves rate 

0 0 1 

0-1 2 

0-6 3 no neuropathy 4 
5 
6 

>0 
<7 

1 7 

2 
8 
9 mild 7 - 12 10 

11 
12 neuropathy 

>12 
<13 

13 
14 
15 
16 

3-4 
17 
18 2 13_29 19 
20 
21 moderate 22 
23 

neuropathy 24 
25 
26 
27 
28 
29 

>29 
<30 

30 
31 
32 
33 
34 
35 

3 5 36 30-46 37 

38 
39 severe 
40 
41 neuropathy 42 
43 
44 
45 
d~ 

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 c1inical 
examination. For example, if a patient had abnormal conduction in two nerves and 12 points on the 
c1inica1 examination, he wou1d have received a score of 2.12. (U sed with permission from Feldman 
EL, Stevens MJ, Thomas PK, Brown MB, Cana1 N, Greene DA. A practica1 two-step quantitative 
c1inica1 and e1ectrophysio1ogica1 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 apodiatrist 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 pro gram 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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I 

I Yearly Testing With Michigan Neuropathy Screening Instrument I 

No apparent infection 
(no signs of inflammation or 

drainage or evidence of 
osteomyelitis on plain 

radiograph) 

t 
~I Ulcer 

~ , 
Mild infection 

(superticial, <2 cm of cellulitis, 
no serious ischemia, no 

bone or joint involvement), 
patient reliable, 

good home support 

(full-t 
Limb-threatening infection 

hickness uleer, >2 cm of cellulitis, 
with or without Iymphangitis, 

bone er joint involvement, and 
systemic toxicity, er 
serious ischemia), 
patient unreliable, 

poor home support 

l Loss of protective sensation,\ 
no uleer ! ~ 

Strict non-weight-bearing regimen Strict non-weight-bearing regimen, 
(usually with total-contact cast) appropriate cUltures, 

and meticulous wound cere empiricel antimicrobial therapy, 
meticulous wound cere, and 

close follow-up 

\ /' 

C? .. 
Ufelong program of proper footwear, . educetion, and close follow-up 

for routine cellus and nail cere 

Admission to hospital, 
str' Ict non-weight-bearing regimen, 

metabolie or glycemic control, 
appropriate cultures, 

empirical antimicrobial therapy, 
early surgicel intervention 

(debridement, drainage, and 
amputation as indicated), 

and meticulous wound care 
(later revascularization, 

amputation, and revision as 
indicated) 

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

Acute and Chronic Painjul 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 dinics 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 paralleis our own dinical experience. A note of caution, however, is that this dass 
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 
Ibuprofen 600 mg qid 
Sulindac 200 mg bid 

2. Tricyclic antidepressant drugs 
Amitryptiline 50-150 mg at night 
Nortriptiline 50-150 mg at night 
Imipramine 100 mg qd 
Paroxetine 40 mg qd 

3. Nonaddicting analgesics 
Carbamazipine 200 mg qid 
Garbapentin 900 mg tid 
Mexiletine 150-450 mg/qd 

4. Others 
Capsacin 0.075% qid 
Fluphenazine 1 mg tid 
Transcutaneous nerve stimulation 
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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 tricyc1ic antidepressants are the best-studied c1ass of drugs for the treatment of 
painful DPN. These drugs prolong norepinephrine inhibition of pain pathways by 
blocking norepinephrine uptake in the brain stern 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 ofDPN. Ofthese, 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 tricyc1ic 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
cyc1ic 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 ofreported cases ofleukopenia 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 
ofpainful 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 ofpainful 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 dass 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 reeeive loeal nerve blocks, a 
TENS unit, or, in certain patients, acupuncture. Unfortunately, the prognosis for good 
pain relief in our patients who require a pain dinic 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 c1inical evidence of neuropathy after 25 yr of the disease (1). 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 c1inical implications of the findings. 

CLASSIFICATION OF DIABETIC NEUROPATHY 

For c1assification purposes, diabetic neuropathy can be divided into focal and diffuse 
neuropathies. The focal neuropathies, inc1uding mononeuropathies, mononeuropathy 
multiplex, brachial and lumbosacral plexopathies, radiculopathies, and cranial neu­
ropathies are caused by occ1usion 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 inc1ude 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 c1inically 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 musc1es 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 inc1ude development of foot deformities, foot u1cers, 
and neuroarthropathy with Charcot joints (7). 

Diabetic patients may develop autonomic neuropathy (parasympathetic and/or sym­
pathetic involvement) with sudomotor dysfunction, cardiac arrhythmias, 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 inc1ude atrophy and loss 
of both large and small myelinated nerve fibers, with evidence ofWallerian 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 (5,13). The finding of segmental demyeli­
nation and remyelination in the nerves of some diabetic individuals also suggests an 
abnormality of Schwann cells (14,15). In addition, neural ischemie changes may result 
from endoneurial vascular abnormalities and vessel occ1usion (16). 

Although there are thought to be several pathogenetie mechanisms involved in the 
development of DSP and autonomie 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 HYPERGLYCEMIAAND 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 
sm all 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 l3-39 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 
mLlmin/l.73 m2 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 (41). Criteria for the primary-prevention 
cohort included IDDM duration 1-5 yr, no evidence ofretinopathy 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 lc rose above 13.1 %. The insulin 
dosage was subsequently adjusted and HbAlc 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 
possib1e, 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 HbAlc 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 (41 ). 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 ifRR 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 ± 7 27 ± 7 27 ± 7 
Gender 

Males 54% 49% 54% 53% 
Females 46% 51% 46% 47% 

Ouration of 100M (yr) 2.6 ± 1.4 2.6 ± 1.4 8.6 ± 3.7 8.9 ± 3.8 
HbA1c 8.8 ± 1.7% 8.8 ± 1.6% 8.9 ± 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 Demographies and Adherenee to Study Protoeol 
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 ofthe 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 ofthe 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). 

Metabolie 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 HBA1c 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) 

No neuropathy 
Definite c1inical neuropathyG 
Confirmed c1inical neuropathyh 

Primary Prevention 
Cohort 

Conventional Intensive 
Therapy Therapy 
n(%) n (%) 

281 (74.5) 264 (76.3) 
17 (4.5) 22 (6.4) 
8 (2.1) 17 (4.9) 

Secondary Intervention 
Cohort 

Conventional Intensive 
Therapy Therapy 
n (%) n (%) 

219 (62.2) 216 (59.5) 
46 (13.1) 49 (13.5) 
33 (9.4) 34 (9.4) 

a Defined as abnonnalities in at least two of the following: symptoms, sensory examination, or deereased 
or absent muscle stretch reflexes. 

h Defined as clinical neuropathy plus either abnonnal nerve conduction studies or autonomie 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). 

Maerovaseular C omplieations 
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 by41% (39). 

Neurologie Duteomes 
The presence of somatic neuropathy at baseline is detailed in Table 2. Ninety-two 

patients (6%) had confirmed c1inical 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 c1inical 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% CI) n (%) n (%) (95% CI) (95% CI) 

291 248 307 315 Patients (n)a 
Definite 

clinical 
neuropathy 

Confirmed 

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

clinical 
neuropathy 

28 (9.6) 7 (2.8) 71 (34-87) 

a Patients without neuropathy at study onset. 

52 (16.9) 21 (6.7) 61 (36-76) 64 (45-76) 

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 availab1e 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 feh 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 ofTherapy 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 ofthe complications studied in DCCT, including retinopathy, microal­

buminuria, and confirmed clinical neuropathy, were found to be continuous over the 
entire range of HBAlc 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 HbAlc levels were 
associated with a proportional reduction in the risk of complications. For every reduc­
tion of 10% in HbAlc, 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 HbAlc levels above the normal range (47). 

Complications 0/ 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 weH, 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-E//ectiveness 0/ Intensive Insulin Therapy 
Arecent 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). 



Chapter 7 I DCCT and Diabetic Neuropathy Management 115 

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 signifieant 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, whieh 
was initiated in 1982 (51). 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 mierovascular 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 diabetie neuropathy, although there is often an irreversible structural component, 
caused by permanent axonal injury, there mayaiso be a reversible metabolic component 
(19). This notion is supported by the DCCT findings; 51 % of patients in the combined 
study cohort with confirmed clinieal 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 autonomie 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 
glycemie control on the reversibility of diabetie neuropathy. 

A key finding of the DCCT was that no glycemie threshold was identified. This sug­
gests that for patients with IDDM, improving glycemie control should always result in a 
lower risk of developing microvascular complications until HbAIc 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 ofhypoglycemic 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 c10sely 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 11 diabetes mellitus are 
uncertain. It has been demonstrated in a multicentered prospective trial of patients with 
type 11 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 11 diabetes have also 
demonstrated a significant reduction in cardiovascular events because of tighter glucose 
control (54,55). A recently conc1uded prospective study, with a protocol similar to the 
DCCT, evaluated 110 patients with type 11 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 sampie populations are needed to more definitively address the issues 
of risks and benefits of intensive insulin therapy in patients with Type 11 diabetes (57). 

Despite the c1early demonstrated cost-effectiveness ofintensive insulin therapy (49), 
a major concem is whether the intensive therapy program recommended by the DCCT 
is one that can be reproduced in everyday c1inical practice. Such a pro gram 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 c1early 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 c1early 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 (1). 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 

From: Contemporary Endocrinology: Clinical Management 0/ Diabetic Neuropathy 
Edited by: A. Veves © Humana Press Ine., Totowa, NJ 

l21 



122 Veves 

Table 1 
ARIs Trials in Human Neuropathy 

Duration 01 
Active 

Authors Design Treatment Results 

1. Alrestatin 
Culebras 1981 Unentr 5 d symptomatie improvement 
Handelsman 1981 sb, nonrmd, co 4mo symptomatie improvement 
Fagious 1981 db, rmd 12 wk improvement of symptoms, 

VPT and ulnar mev 
2. Sorbinil 
Judzewitseh 1983 db,rmd 9 wk improvement of peroneal mev 

and median mev and sev 
Jaspan 1983 sb 3-5 wk symptomatie 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 6mo improvement of posterior tibial 

mev 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 mev 
Boulton 1990 db,rmd 12 mo improvement of paresthetie 

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

and ulnar mev 
Boulton 1992 db,rmd 12 mo improvement of symptoms, 

withdrawal median and peroneal mev 
Giugliano 1993 db,rmd 12 mo improvement of autonomie 

measurements and VPT 
Giugliano 1995 db,rmd 12 mo improvement of autonomie 

measurements and VPT 

Abbreviations: sb: single blind, db: double blind, uncntr: uncontrolled, nonrmd: nonrandomized, rmd: 
randomized, co: crossover, mev: 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 
conc1usion could be reached. 

It is obvious from the above that more practical endpoints should be employed in 
order to conduct c1inical 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 c1inical signifi­
cance (4). Additional measurements that should accompany the above endpoints 
inc1ude 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 inc1uded 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. Bach 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 fuHy 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 diabetie 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 
inc1uded 39 patients with stable diabetes and no c1inical 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 statistieaHy 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 dec1ined 
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 inc1uded 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 
tricyc1ie 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 retumed 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 inc1uded 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 inc1uded neurologie findings on c1in­
ical examination, vibration perception threshold, motor and sensory nerve conduction 
velocities, and autonomie system function tests. A significant number of patients 
reported improvement of painful symptoms while on the active treatment, but when the 
pain score was ca1culated using their diaries, no difference was found between sorbinil 
and placebo treatment. Significant improvement was also notieed 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 inc1uded 13 diabetic patients with chronic symptomatic neuropathy (mean duration 
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of symptoms 6 yr) (11). 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 IOO-mm visual analog scale, whereas other measurements included vibra­
tion perception threshold, motor and sensory conduction velocities, autonomie function 
tests, and duration of sleep. In contrast to the previous study, no difference was found in 
any parameter, including the severity of neuropathie symptoms and the objective mea­
surements of peripheral nerve function. In one patient who took sorbinil, side effects 
were present in the form of afebrile 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 6-12 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, neurophysiologie al measurements, thermal and vibration perception thresholds, 
and autonomie 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 neuropathies, 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 electrophysiologieal measurements, improvement was noticed 
in the motor posterior tibial nerve conduction velocity (approx 1.5 rn!s), F wave latency 
of the ulnar nerve, and the distal sensory latency of the ulnar nerve. From the autonomie 
tests, a signifieant 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 IOO-mm visual analog sCale, clinieal 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 sorbinillevels 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. Effieacy 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 arrns 
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 fascieular 
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 clinieal 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 fJ. V 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 sorbitollevels in the sorbinil 
group were reduced, indicating a successful aldose reductase inhibition in the nerve tis­
sue. The myelinated fiber density, the best single histopathologie 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 nondiabetie 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 notieed 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 benefieial. 

A second clinieal trial that employed repeated sural-nerve biopsies, assessed the 
changes in nerve concentrations of a1cohol sugars after a 12-mo period with sorbinil 
treatment (17). Six patients took part in this study and histochemieal measurements 
showed a signifieant 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 indieating that 
sorbinil is an effective inhibitor of aldose reductase, but raised doubts about the role of 
myo-inositol in the pathogenesis of diabetie 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 asymptomatie 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,J 9). 

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 
chronie symptomatic peripheral diabetic neuropathy for 12 mo (20). No difference in 
any peripheral nerve function measurements, inc1uding 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 identieal design (21). 

Tolrestat 
Tolrestat was the first AR! to be licensed for the treatment of diabetic neuropathy in 

certain countries all over the world inc1uding Italy, Mexico, and Ireland. Given orally, 
tolrestat is rapidly absorbed at a rate of 60--70%. Its plasma half life is 10 and, in c1ini­
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 symptomatie neuropathy was studied in 556 patients 
with either type 1 or type 2 diabetes (22). Inc1usion criteria were stable or increasing 
severity of neuropathie symptoms, and abnormal motor or sensory-nerve electrophysio­
logieal measurements in at least three of six tested nerves. Patients were randomized to 
doses from 50 to 200 mg/d, and effieacy assessments inc1uded the response of the 
painful and paresthetie symptoms and electrophysiologieal 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 signifieant 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 electrophysiologieal 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 
notieed without any consequences. No hypersensitivity reactions similar to the ones that. 
were present with other aldose reductase inhibitors were notieed. 
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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 fai1ed 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 ofthe 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 diabetie 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 autonomie tests, whieh inc1uded deep breathing (Eil 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 somatie nerve function. 

Similar results were reported in the second study that inc1uded patients with subc1in­
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 orthostatie 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 c1inical 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 prec1inieal or c1inieal 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 linolenie 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 
prostacyc1in), whieh 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 playa 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 diabetie neuropathie 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 rn/s), the peroneal­
nerve conduction velocity (1.86 rn/s), and the sural sensory-nerve action potential 
amplitude (0.42 V). As expected, no serious side effects were notieed during the study. 

Similar results were reported in a subsequent multieenter, 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 diabetie patients 
with mild neuropathy. At the end ofthe study, significant improvement was found in 13 
of the 16 studied parameters, including the median-nerve conduction velocity 
(2.37 rn/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 rn/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 statistieal signifieance was reduced or lost. 

The results of another large multieenter, 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 clinieal 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, whieh makes it a strong 
candidate for clinieal use. Although it has not been approved for the treatment of dia­
betie neuropathy yet, these favorable results make it a strong candidate for acceptance 
in daily clinieal 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 effieacy in human diabetes. As the completion of clinical trials will 
require time and their use in clinieal 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 diabetie neuropathy (1). The fea­
tures of pain in diabetie neuropathy were c1early documented by Pavy (2), who 
observed, that it was of buming and unremitting quality often with a noctumal exacer­
bation. Indeed the quality of neuropathie pain has been described as buming, 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 neuropathie pain. Sleep is often 
disturbed because of the noctumal 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, areduction in recreational activities, and 
depression (4,5). 

Pain is not only a feature of acute and chronic symmetrieal sensorimotor neuropathy 
occurring in a stocking distribution, but mayaiso develop in relation to focal and multi­
focal neuropathy such as isolated lesions of cranial-nerve palsy, proximallower-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 tricyc1ie 
agents, the use of these compounds is frequently complicated by unacceptable side 
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effeets (7). In this ehapter, we look at the possible meehanisms involved in the genera­
tion of neuropathie pain, and review the methods available for the assessment of pain in 
diabetie neuropathy. Finally, we diseuss nonpharmaeologieal treatments of painful dia­
betie neuropathy. 

MECHANISMS OF PAIN IN DIABETIC NEUROPATHY 

Pain is an unpleasant, subjeetive sensory and emotional experienee. Neuropathie 
pain is eaused by dysfunetion of the peripheral or eentral nervous system, that does not 
require any reeeptor stimulation. Painful symptoms are relayed by nocieeptive, afferent 
small myelinated A-delta, and unmyelinated C fibers. Unmyelinated C fibers are 
thought to transmit the slower eomponent of pain, whereas myelinated A-o fibers relay 
the faster eomponent. 

The exaet pathophysiologieal meehanisms underlying pain in diabetie neuropathy 
are not known (8), although several workers have tried to provide a neuro-struetural 
eorrelate for neuropathie pain (9-11). Brown et al. (12), found apredominant loss of 
small myelinated and unmyelinated fibers on nerve biopsy of patients with ehronie 
painful diabetie neuropathy. Said et al. (13), also found similar pathologieal ehanges 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 
subjeets with painful neuropathy (14-17). Some observers have suggested that a dear 
relationship between seleetive degeneration of fibers of eertain size and the presenee of 
neuropathie pain is unlikely by virtue of the fact that neuropathie pain is variable in 
intensity and may remit for variable periods (18). This does imply that biochemie al or 
vaseular faetors that are likely to vary with time, may be important in the generation of 
neuropathie pain, in the eontext of an already damaged nerve. As nerve biopsy studies 
do not give adynamie view of nerve funetion, the author and eolleagues have attempted 
to study human sural nerve in vivo, in subjeets with relatively sudden-onset painful neu­
ropathy (18), by employing the teehniques of nerve photography and fluoreseein 
angiography. This study has suggested that vaseular faetors may be important eon­
tributing faetors in the generation of neuropathie pain (18). The fOllowing are some of 
the hypotheses put forward as possible mechanisms of neuropathie pain generation 
based on studies in humans and animal models with nerve injuries. 

Ectopic Impulse Formation by Regenerative Sprouts 

Asbury and Fields (19) suggested that spontaneous eetopie impulse generation in 
regenerative sprouts (Fig. 1) eould be the eause of neuropathie pain. The sprouting was 
thought to oeeur in small-diameter primary afferent fibers. Dandona et al. (20), have 
also suggested that regenerative sprouts initiated by striet glyeemie eontrol may provide 
the explanation for treatment-indueed painful neuropathy that oeeurs in previously 
poorly eontrolled diabetie subjeets with asymptomatie small-fiber neuropathy. Fowler 
and Oehoa (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 meehano sensitivity (22-24). This may be the explana­
tion for Tinei' s sign in whieh paresthesia in the distribution of peripheral nerve is 
elieited by agentie tapping of a damaged regenerating nerve. Inereased adrenergie 
ehemosensitivity has also been found in axonal sprouts (25). This may be seeondary to 
the development to alpha reeeptors 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 
ectopie impulse formation hypothesis of neuropathie pain generation, as degeneration 
of unmyelinated fibers was not confined to patients with neuropathie pain alone, but 
was also found in patients with painless neuropathy (16). 

Peripheral Nerve lschemia 
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 chronie painful neuropathy (28). As pain usually accom­
panies acute ischemia, (e.g., c1audication and angina) and in the absence of a c1ear 
structural correlate for neuropathie pain (10,11,26), hemodynamic factors that are likely 
to change more rapidly may provide an explanation for neuropathie 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 
metabolie control, have been studied (1/)). 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 nonnal 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 micrainfarcts with rapid impravement in glycemic 
contra!. 

that resembled those of the eye (18) (Fig. 2B). Excessive epineurial shunt flow that may 
ren der the endoneurium ischemie was suggested as a possible contributing factor for the 
generation of neuropathie pain (18). As the neuropathie pain improves within 10 mo in 
this patients, it remains to be established whether these arterio-venous shunts dose 
when the pain resolves. 
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The Role of Dorsal-Horn Neurons and Dorsal-Root Ganglia 
The gate eontrol theory forwarded by Melzaek and Wall (29) proposed that large­

diameter myelinated-fiber aetivity (e.g., vibration sense) inhibits the aetivity of dorsal­
horn neurons, gating the transmission of pain via C fibers. However, there is as yet no 
definitive evidenee for a seleetive loss of large myelinated fibers in diabetie peripheral 
neuropathy (16). The observation that loss of afferent input ean inerease aetivity of dor­
sal-horn eells 1eading to high frequeney discharge (30) has prompted some ob servers to 
speeulate whether this eould provide an explanation for neuropathie pain. The observa­
tion that normal dorsal-root ganglia have marked meehanosensitivity (31), and their 
spontaneous hyperaetivity with damage to peripheral axons (32) have also 1ed some to 
speeulate that dorsal-root ganglia may be important in the generation of pain. 

Blood Flow in the Neuropathie Leg 
It is now well-established that the neuropathie foot is warm beeause of an inerease in 

peripheral blood flow assoeiated with arterio-venous shunting (33-36). The observa­
tions that neuropathie pain appears to be exaeerbated by the inerease in peripheral blood 
flow associated with poor metabolie eontrol (37), and the reduetion in painful neuro­
pathie symptoms via eooling of a limb and measures that reduee peripheral blood flow 
(34), suggest that peripheral blood flow may be linked to painful neuropathie symp­
toms. Thus, one ean speeulate that raised lower-limb skin temperature may have an 
influenee on the sensitivity of noeieeptive sensory afferents. 

Arecent study has demonstrated that some subjeets with severe diabetie neuropathy 
have limitation of exereise toleranee, prineipally as a result of painful symptoms on 
walking (5). This is likened to "walking on pebb1es" and appears to be distinet from 
spontaneous neuropathie pain (5). This suggests that part of the neuropathie pain expe­
rieneed from exertion may be eaused by "neuro-claudieation," whieh may be eaused by 
blood being shunted away from peripheral nerve to surrounding tissue. This is sup­
ported by the observation that some neuropathie patients have a paradoxie al fall in 
nerve eonduetion velocity following exercise, in eontrast to nonneuropathie diabetie 
subjeets, who have an inerease in their nerve eonduetion velocity of 4 m/s (38). 

Chronie Hyperglyeemia and Aeute Glyeemie Fluxes 
The glyeemie state in whieh the damaged peripheral nerve funetions may be impor­

tant in the modulation of neuropathie pain for the following reasons: 

1. Boulton et al. (39) reported that patients with symptomatie neuropathy have higher gly­
eated hemoglobin at presentation eompared to nonneuropathie diabetie subjeets. This 
observation is supported by other eross-seetional epidemiologie al studies (40). 

2. Some patients present with aeute painful neuropathy assoeiated with poor metabolie eon­
trol and preeipitous weight loss (15). This syndrome oeeurs in patients with variable 
duration of diabetes who present with buming pain, allodynia, and noeturnal exaeerba­
tion of symptoms (Table 1). Ellenberg deseribed the eondition as 'neuropathie eaehexia' 
(41). There is eomplete resolution of symptoms and weight gain within approx 10 mo, 
with sustained improvement in glyeemie eontrol aehieved with insulin (15). Steel et al. 
(42) also reported painful neuropathy in young anorexie women with poorly eontrolled 
insulin-dependent diabetes, whieh raised the possibility of whether nutritional defieien­
eies eould aeeount for the neuropathy. However, there is no eonvineing evidenee for this 
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Table 1 
Clinical Features of Acute Painful Neuropathies Associated with Rapid 

and Poor Glycemic Control 

Acute Painful Neuropathy 0/ Rapid 
Glycemic Control 

Occurs in IDDM and NIDDM 
Burning pain, paresthesia, allodynia, 

noctumal exacerbation of symptoms, 
depression 

No weight loss 
Sensory loss mild or absent 
No motor signs 
Normal nerve conduction studies; impaired 

exercise-induced conduction velocity 
increment 

Complete resolution of symptoms within 
10 mo 

Nerve biopsy: changes of chronic 
neuropathy with active regeneration 

Acute Painful Neuropathy 0/ Poor 
Glycemic Control 

Occurs in IDDM and NIDDM 
Burning pain, allodynia, impotence, 

noctumal exacerbation of symptoms, 
depression 

Severe and precipitous weight loss 
Sensory loss mild or absent 
No motor signs 
Normal or mildly abnormal nerve 

conduction studies 

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

Nerve biopsy: degeneration of myelinated 
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 arecent 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 ofpoor 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 NEUROPATHIe PAIN 

Chan et al. (52) reported that approx 7.5 % of unselected adults attending hospital dia­
betic dinics have painful neuropathic symptoms, mainly in their lower limbs. In dinical 
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praetiee, a eareful history detailing the features of the pain is usually sufficient to aseer­
tain the presenee and severity of neuropathie pain. This should be aeeompanied with 
full neurologie al and vaseular examination. Differential diagnoses such as lumbar-root 
pain, pain eaused by spinal stenosis, pain eaused by peripheral vaseular disease, and 
museuloskeletal pain should be excluded. It is important to appreciate that neuropathie 
pain eould rarely be from eauses other than diabetes in the diabetie patient, and partieu­
larly exeessive 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 neuropathie pain in the absence of objeetive clinieal or elee­
trophysiologieal evidenee of neuropathy, in eontrast to some patients with advaneed 
neuropathy who have neuropathie pain in assoeiation with numb feet-the so ealled 
"painful-painless foot" (53). 

The fact that pain is a subjeetive experienee has made it very diffieult to quantify. 
The following methods are reeommended for the assessment of the severity of pain in 
diabetie neuropathy, mainly for research purposes. 

Visual-Analog and Verbal-Descriptive Scales 
The intensity of neuropathie pain ean be assessed by visual-analog seale (V AS). The 

patient is asked to indieate pain intensity on ascale from 0-100, 0 indieating "no pain 
present" and 100 indieating "worst pain ever." The V AS score has been found to eorre­
late with other measures of pain (54). The V AS seoring method makes an assumption 
that equal intervals along the seale eorrespond to equal degrees of pain. The verbal­
deseriptive seale may also be used, the patient being asked to deseribe pain intensity 
with aseries of deseriptive statements (absent, slight, mild, moderate, intense, very 
intense, and so on). 

McGili Pain Questionnaire 
The MeGill Pain Questionnaire (MPQ) (55) was devised to assess both the quality 

and emotional aspeets of pain (Table 2). The MPQ eomprises four major eategories and 
20 subgroups: sensory (subgroups 1-10); affeetive (subgroups 11-15); evaluative (sub­
group 16); and miseellaneous (subgroups 17-20). Table 2 shows the words in eaeh 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 ean be ealculated for eaeh 
eategory of the MPQ (e.g., sensory PRI, affeetive PRI). 

Dyck's Neuropathy Staging 
Controversies exist as to what exaetly eonstitutes diabetic neuropathy. Dyek (56) 

suggested that a number of faetors that include symptoms (such as neuropathie pain, 
numbness, ataxia, paresthesae, motor and autonomie symptoms), physieal signs on neu­
rologieal examination, autonomie funetion tests, quantitative sensory tests, and eleetro­
physiology need to be eonsidered for a more accurate deteetion and eharaeterization of 
diabetie neuropathy. The presenee and extent of neuropathie pain is an important deter­
mlning faetor for staging of neuropathy (56). Pain was graded as being "disabling" when 
the patient had previously attended a physieian for pain relief, work and reereational 
aetivities had been eurtailed by at least 25% beeause of pain, and medieation for pain 
reliefhad been taken on a eontinuing basis (i.e., for more than 50% ofthe day) for at least 
6 wk. Disabling pain would plaee the patient in Dyek's neuropathy score stage 3 as eom­
pared to stage 2 (pain ofless severity). 
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Table 2 
The McGill Pain Questionnaire 

1. Fliekering 2. Jumping 3. Prieking 4. Sharp 
Quivering Flashing Boring Cutting 
Pulsing Shooting Drilling Laeerating 
Throbbing Stabbing 
Beating Lancinating 
Pounding 

5. Pinehing 6. Tugging 7. Hot 8. Tingling 
Pressing Pulling Burning Itching 
Gnawing Wrenehing 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 
Piereing Squeezing Dreadful 

Tearing Torture 

Patients are asked to look carefully at each of the 20 groups of words and to circ1e one work in each 
group that most c10sely applies to their pain (if no word is appropriate, then none is circ1ed). 

NONPHARMACOLOGlCAL TREATMENTS 
OF PAINFUL DIABETIC NEUROPATHY 

It has to be appreciated that there is no totally satisfaetory treatment for pain in dia­
betie neuropathy (5,7). This sterns from our inadequate understanding of the pathogen­
esis of diabetic neuropathy (8), although extensive research has implicated metabolie 
(57) and vascular mechanisms (58~O). 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 wi1llook at non­
pharmacological treatment of painful diabetic neuropathy. Conventional drug treatment 
of painful diabetic neuropathy is usually necessary and, eurrently, tricyc1ic compounds 
are the most effective (7), but many patients fail to respond to these agents and side 
effects are frequent. Other drugs inc1ude 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. 
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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 glycemie 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 neuropathie 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 concems, 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 neuropathie 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 
Medieal, Hull, UK) (67). Some patients with moderate-to-severe neuropathie 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 neuropathie 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 neuropathy, it is generally 
feIt that the first step in the management of painful neuropathie 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 i'esult in unacceptable side effects (7). Arecent 
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. 

chronie diabetic neuropathic pain that does not respond to conventional drugs (5). 
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 diabetie neuropathy. The study reported signifi­
cant relief ofboth background and peak neuropathic pain over aperiod 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 neuropathie 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 horne, 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 depiets 
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 Ll-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 10wer 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 Ion ger 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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neuropathie pain is symmetrieal and affeets many nerves and thus is unlikely to respond 
to single-nerve stimulation. 
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INTRODUCTION 

Pain is a subjeetive symptom of major clinieal importanee as it is often this eomplaint 
that motivates patients to seek healtheare. Pain is often assoeiated with disability and is 
suggested as an important faetor in affeeting quality of life (1). About 11 % of the adult 
population has persistent pain and additional 5% experienee temporary pain (1). Neuro­
genie pain is defined as pain eaused by dysfunetion of the peripheral or eentral nervous 
system, in the absence of nocieeptor (nerve terminal) stimulation by trauma or disease. 
Other terms used to deseribe some forms of neurogenie pain include neuropathie pain 
and deafferentation pain, and eentral pain. Neurogenie pain is eommon, aeeounting for 
at least 25% of the patients attending most pain clinies. When all eategories of neuro­
genie pain syndromes are taken into aeeount, there are probably >550,000 eases in the 
UK population at any one time, giving a prevalenee of approx 1 %. The incidenee of 
neurogenie pain inereases with age, aeeounting for one third of all pain-clinie patients 
aged >65 and one half ofthose aged >70 (2). 

People with diabetes experienee more ehronie pain than the nondiabetie population. 
It has been found that 25% of diabetie patients had ehronie pain eompared to 15% 
of nondiabetie subjeets (3). This differenee is largely attributable to pain associated 
with neuropathy. Diabetie neuropathy has been defined as a demonstrable disorder, 
either clinieally evident or subclinieal, that oeeurs in the setting of diabetes without 
other eauses for peripheral neuropathy and includes manifestations in the somatie 
and/or autonomie parts of the peripheral nervous system (4). Diabetie peripheral neu­
ropathy is eneountered in at least one third of the patients with diabetes mellitus (5). 
Neuropathie symptoms are present in 15 to 20% of the patients (6,7), 7.5% of whom 
experienee ehronie neuropathie pain (3). 

From: Contemporary Endocrinology: Clinical Management 0/ Diabetic Neuropathy 
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NEUROPATHIC PAIN 

Aeeording to Asbury and Fields (8), neuropathie pain may be subdivided into two 
types. The superficial dysesthetic or deafferentation pain is deseribed as burning, 
tingling, raw, searing, erawling, drawing, and eleetrie of variable eonstaney, 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, partieularly 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 autonomie 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 ineludes increased fir­
ing caused by physiologie 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 inelude 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, 
musele tenderness, or a drawing sensation. The musele cramping and spasms may be 
secondary to injury to motor nerves or attributable to a reflex loop (Livingston' s vicious 
cirele), where a nociceptive input activates the motor neuron within the spinal cord 
leading to musele spasm that in turn activates the musc1e nocieeptors 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 inelude 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, ephaptie transmission), 
fiber shrinkage, ectopic impulse generation from dorsal-root ganglion cells after inter­
ruption ofaxons signaling pain, changes in peripheral blood flow, modulation of pain 
threshold by the glycemie state (hyperglycemic neuropathy), changes in the central ner­
vous system secondary to peripheral nerve damage (reduced surround and presynaptie 
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 elassifieation of diabetie neuropathy based on pathogenetie grounds is not 
possible, the various manifestations have to be elassified along elinical criteria. How­
ever, because of the variety of the elinieal syndromes with possible overlaps not even a 
generally accepted elassifieation exists. The most widely used approach has been pro­
posed by Thomas (11) who uses a subdivision into diffuse symmetrie 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 (11). The most frequent form is the distal sensory symmetrie 
polyneuropathy, commonly associated with autonomie 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 noctumal exacerbation. The pain is often 
described as a deep-seated aching, but there may be superimposed lancinating stabs or it 
may have a buming thermal quality (11). 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 (13) 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 (16). Pain remission tends 
to be associated with sudden metabolie change, short duration of pain or diabetes, pre­
ceding weight loss, and 1ess severe sensory loss (15,16). 

Acute Painful Neuropathy 
Acute painful neuropathy has been described as aseparate clinical entity (17). The 

onset is associated with and preceded by precipitous and severe weight loss. The pain is 
of a continuous buming quality and experienced predominantly in the distal parts of the 
legs. Cutaneous contact discomfort (hyperalgesia) is often a troub1esome 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 (18). It has also been described in girls with 
anorexia nervosa and diabetes in association with weight lass (19). 

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 (21) as weIl 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 playamajor role in neuro­
pathie pain. Marked fluctuations in spontaneous neuropathie pain within several hours 
were not associated with signifieant 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 feIt 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, diabetie amyotrophy, proximal dia­
betie neuropathy, diabetic lumbosacral plexopathy, ischemie mononeuropathy multi­
plex, femoral-sciatie neuropathy, femoral neuropathy). Characteristieally, it is deep, 
aching, constant, and severe, invariably worse at night, and may have a burning, raw 
quality. It is usually not frankly dysesthetie and cutaneous. Frequently, pain is first 
experienced in the lower back or buttock on the affected side, or may be feIt 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 lb. The weight is generally regained during the recovery phase (25). 

Patients with proximal or multifocal diabetie neuropathy show marked ischemie 
nerve lesions with vasculitis and inflammatory infiltration of mononuc1ear cells (27,28) 
and T-cells of the CD8+ cell type (29). Activated endoneuriallymphocytes express 
immunoreactive cytokines and major histocompatibility c1ass 11 antigens (29). To c1as­
sify these changes, Krendei (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 diabetie 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. 

Diabetie truncal neuropathy (thoraco-abdominal neuropathy or radieulopathy) 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 feIt in the ehest or the abdomen may be 
confused with pain of pulmonary, cardiac, or gastrointestinal origin. Sometimes it may 
have a radicular or girdling quality, half encirc1ing the trunk in a root-like distribution. 
Pain may be feIt in one or several dermatom al distributions, and, almost universally, it 
is worst at night. Rarely, abdominal musc1e herniation may occur predominantly in 
middle-aged men, involving 3-5 adjacent nerve roots between T6 and Tl2 (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 15-40 lb. 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 NEUROPATHIe PAIN 
Quantitative assessment of pain is achallenging 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 c1inical 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 physiologieal, psychologie al (emotional, cogni­
tive, and behavioral), sociocultural, and economic studies (35). The following methods 
are being used in trials evaluating treatment effects on neuropathie 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 V AS 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 sc ale (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 ofhis score (especially ifhe has no experience ofpain measurement) and make 
different patients more likely to record the same degree of severity in the same position 
(36). Among different types ofVDSs, 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 analgesie trials is to test the intervention 
in patients who have pain of moderate-to-severe intensity. Arecent study has shown 
that 85% of the patients reporting moderate pain seored >30 mm (mean: 49 mm) on a 
IOO-mm V AS and 85% of those reporting severe pain seored >54 mm (mean: 75 mm). 
Thus, if a patient reeords >30 mm on a V AS score, he would probably have reeorded at 
least moderate pain on a four-point VDS (no, mild, moderate, severe pain) (37). 

MeGill Pain Questionnaire 
The MeGill Pain Questionnaire (MPQ) eonsists of three major classes of word 

deseriptors: sensory qualities (subclasses 1-10: temporal, spatial, pressure, thermal, 
brightness, dullness, and miseellaneous); affective qualities (subclasses 11-15: tension, 
autonomie, fear, punishment, and miseellaneous) that are part of the pain experienee: 
evaluative words (subclass 16) that deseribe the subjeetive overall intensity of the total 
pain experienee; and supplementary qualities (subclasses 17-20). The MPQ was 
designed to provide quantitative measures of clinieal pain that ean be treated statisti­
eally. 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 eaeh eategory, and a total score for 
eaeh eategories; the number 0/ words chosen; and the present pa in intensity based on a 
1-5 intensity seale (38). It has been shown that the MPQ is a useful aid to the differen­
tial diagnosis of the painful diabetie leg (39). 

Hamburg Pain Adjeetive List 
The Hamburg Pain Adjeetive List (HP AL) is another multidimensional, speeifie pain 

questionnaire that was introdueed by Hoppe (40). It includes 37 adjeetives to deseribe 
pain "as it is usually." These adjeetives are rated in seven steps ranging from 
"absolutely ineorreet" (0 points) to "absolutely eorreet" (6 points). The items are sum­
marized to four primary seales and three additional scales, respeetively. Primary scales 
deseribe 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 alloeated to the affeetive 
eomponent (21 items), whereas pain aeuity and pain rhythm are alloeated to the sensory 
eomponent (16 items). Affeetive and sensory eomponents represent additional scales. 
The third additional seale is the total seale (37 items) that provides a measure ofthe gen­
eral pain intensity. 

Neuropathie Pain Seale 
Galer and Jensen (41) have reeently 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 neuropathie pain 
experienee. A strength of the MPQ is that it does assess a variety of pain qualities, but 
although it ean be seored to obtain global measures ofthe sensory, affeetive, and evalu­
ative dimensions, it does not provide quantitation of eaeh distinet pain quality. Another 
drawback of existing pain measures is that they do not identify potential subgroups of 
neuropathie pain that may benefit from specifie therapies (41). The Neuropathie Pain 
Seale (NPS) has been designed to assess distinet pain qualities associated with neuro­
pathie pain. The NPS includes two items that assess the global dimensions of pain inten­
sity and pain unpleasantness as weIl as eight items that assess speeifie qualities of 
neuropathie pain: sharp, hot, dull, cold, sensitive, itehy, deep, and surfaee pain. In addi-
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tion, each item inc1udes 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 c1in­
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 inc1uding the true placebo effect and nonspecific effects inc1uding 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 inc1usion in a trial). In order to obtain the true placebo effect in c1in­
ical trials, the nonspecific effects can be identified by inc1uding 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 = l/(Pc-Pi). The NNT for several 
classes of drugs used in the treatment of painful diabetic neuropathy has been ca1culated 
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 based on the current evidence is shown in Table 1. 

Causal Treatment Aimed at Near-Normoglycemia 
Three long-term prospective glycemic control studies including type 1 diabetic 

patients and one including type 2 diabetic patients either with mild retinopathy or with­
out evidence of diabetic complications have recently been published (54-59). However, 
these studies were neither primarily designed to establish the effects of near-normo­
glycemia on diabetic neuropathy, nor did they include sufficient numbers of patients 
with painful neuropathy. The Diabetes Control and Complications Trial (DCCT) con­
ducted over approx 5 yr (54,55), the Stockholm Diabetes Intervention Study (SDIS) 
over 7.5 and 10 yr (56,57), the Oslo Study over 8 yr (58), and the Kumamoto Study over 
6 yr (59) have demonstrated that long-term near-normoglycemia prevents the develop­
ment of neuropathy and retards the deterioration in motor and sensory nerve conduction 
velocity (NCV). However, a certain degree of neuropathy was also observed in the 
well-controlled groups, suggesting that by using the current methods of intensive 
insulin therapy, complete prevention of this complication is difficult to achieve. Other 
studies have shown that symptoms of diabetic neuropathy including pain may be 
improved and prevented by long-term near-normal glycemic control (60,61), but pain 
was not used as a primary inclusion criterion. 

Pancreas transplantation is the most effective method in achieveing long-term nor­
moglycemia in type 1 diabetic patients, but is usually limited to patients with end-stage 
diabetic nephropathy in combination with a renal graft. Other indications have been 
questioned (62). Four long-term studies in type 1 diabetic patients with established dia­
betic polyneuropathy who underwent successful pancreatic transplantation have 
recently been published. Kennedy et al. (63) have shown that 42 mo after transplanta­
tion the neuropathy was only slightly improved, but a significant difference was seen in 
the mean motor and sensory index in the transplanted group compared with a control 
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Table 1 
Six-Step Algorithm for Treatment of Painful Diabetic Neuropathy 

Compound/ 
Step Measure Dose Per Day Remarks 

I: Near- Diet, insulin, Individual Aim: HbAlc <6.5 
normoglycemia OAA adaptation 

11: Pathogenetically a-Lipoic acid 600 mg iv Duration: 3 wk 
oriented (thioctic acid) infusion Rarely AE 
treatment 

III: ST, minor AE Capsaicin 4 X topically Duration: 8 wk 
(0,075%) 
cream 

IV: ST, major AE Tricyclic 
antidepressants 
(TA) 

Amitriptyline (10- )25-150 mg TA of 1 st choice 
Desipramine (10- )25-150 mg Less AE 
Imipramine (10- )25-150 mg Variable effect 
Clomipramine (10- )25-150 mg Few data 

IV: ST, altematively if SSRI 
TA cause AE 

Citalopram 40 mg Few data 
Paroxetine 40 mg Effect < than TA 

IV: ST, altematively if Anticonvulsants 
TA cause AE 

Carbamazepine 200-800 mg Many AE 
V: ST, medical last Mexiletine 450 mg ECG monitoring 

choice Tramadol 50-400 mg Many AE 
VI: ST, pain resistant Electrical spinal Invasive, 

to treatment cord complications 
stimulation 
(ESCS) 

Complementary: TENS, medical NoAE 
Physical therapy gymnastics, No AE 

Balneotherapy, NoAE 
relaxation NoAE 
therapy 

Acupuncture Uncontrolled 
study 

OAA: oral antidiabetic agents; TENS: transcutaneous electrical nerve stimulation; AE: adverse events; 
SSRI: selective serotonin reuptake inhibitors; ST: symptomatic treatment. 

group that did not have a functioning graft after 42 mo. Improvement was more pro­
nounced when only mild dysfunction was present initially. Solders et al. (64) found 
beneficial effects of combined pancreatic and renal transplantation on NCV after 4 yr of 
normoglycemia. The initial improvement in motor NCV observed in these patients was 
also noted in diabetic patients receiving a renal transplant only, and was most likely 
caused by the elimination of uremia. However, further improvement was seen only in 
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the euglycemie pancreas-graft recipients. None of the beneficial effects on NCV 
described in these studies were demonstrable after 2 yr. Thus, periods of normo­
glycemia of up to about 2 yr are too short to influence established nerve conduction 
deficits, but longer-term normoglycemia may retard their further progression. 

Pancreas-graft failure is associated with a deterioration in NCV to the pretransplant 
levels after 2 yr (65). In contrast, controversial results have been reported regarding 
neuropathie symptoms. Müller-Felber et al. (66) observed a significant improvement in 
the neuropathie symptom score (NSS) from 1.7 to 0.6 after 3 yr in patients who under­
went successful pancreas and kidney transplantation, whereas NSS did not change in 
those with early pancreas rejection and functioning kidney graft. However, Allen et al. 
(67) recently reported a nonsignificant decrease in the NSS from 0.43 to 0.39 in patients 
with combined pancreas-kidney transplants after up to 8 yr. Thus, unequivocal evidence 
from appropriately designed long-term studies to support the finding from earlier 
uncontrolled short-term studies that intensive insulin therapy is associated with a signif­
icant reduction in neuropathie pain (68) is stilliacking. Nonetheless, intensive diabetes 
therapy aimed at near-normoglycemia is considered the first step in the treatment of any 
form and stage of diabetie neuropathy (Table 1). 

Treatment Based on Pathogenetic Considerations 
A variety of experimental studies have provided new insights in the putative mecha­

nisms implicated in the pathogenesis of diabetic neuropathy (69,70). The following 
pharmacologieal treatment approaches have been developed to correct the underlying 
abnormality in the diabetic nerve (Table 2): 

1. Aldose reductase inhibitors (ARIs) to reduce the enhanced flux through the polyol path­
way (71,72). 

2. myo-Inositol to correct myo-inositol depletion (73). 
3. Gamma-linolenic acid (GLA) contained in evening primrose oil to prevent abnormalities 

in essential fatty acid and prostanoid metabolism (74,75). 
4. Antioxidants (a-lipoic acid) to reduce free-radical-mediated oxidative stress (76,77). 
5. Vasodilators (ACE inhibitors, prostacyc1in analogs) to increase nerve blood flow and 

prevent hypoxia (78,79). 
6. Nerve growth factor (NGF) to prevent deficits in neurotrophism and axonal transport 

(80,81). 
7. Immunosuppresants, corticosteroids, and iv immunoglobulins to treat the inflammatory 

components associated with proximal diabetic neuropathy (29-31). 
8. Aminoguanidine to inhibit nonenzymatic advanced glycation end product (AGE) forma­

tion (82). 

Since in the near future the majority of diabetic patients presumably will not achieve 
near-normoglycemia, the advantage of the aforementioned treatments is that they may 
be effective despite the presence of hyperglycemia. 

Gamma-Linolenic Acid 
Two multieenter trials of gamma-linolenic acid (GLA) have demonstrated improve­

ment in neuropathie deficits and NCV after 1 yr of treatment in diabetic peripheral neu­
ropathy (75). However, in these studies, neuropathie pain has not been assessed. In one 
center participating in the second trial, the three major symptoms (pain, paresthesias, 
and numbness) were evaluated using VASs. Paresthesias and numbness but not pain 
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Table 2 
Treatment of Diabetic Neuropathy Based on Putative Pathogenetic Mechanisms 

Abnormality 

Polyol pathway t 

myo-Inositol t 
GLA synthesis ! 

Oxidative stress t 

Nerve hypoxia t 

t 
Neurotrophism! 

NEGt 

Compound 

Aldose reductase 
inhibitors: 

sorbinil, tolrestat 
ponalrestat 
zopolrestat, 

zenarestat 
epalrestat 
myo-Inositol 
Gamma-linolenic 

acid (GLA) 
a-Lipoic acid 

Vasodilators (ACE-
Inhib., PGE2) 

Nerve growth factor 
(NGF) 

Aminoguanidine 

Aim 0/ Treatment Status 0/ RCTs 

Nerve sorbitol ! 

Withdrawn (AE!) 
Ineffective 
Continuing 
Continuing 
Equivocal 

Nerve myo-inositol t Equivocal 
EF A metabolism t Effective (deficits) 

Oxygen free radicals ! Effective 
(symptoms) 

Endoneurial blood Continuing 
flow t 

Nerve regeneration, Continuing 
growth t 

AGE accumulation ! Withdrawn 

NEG: nonenzymatic glycation; AGE: advanced glycation end products; EFA: essential fatty acids; AB: 
adverse events; RCTs: randomized clinical trials. 

were significantly reduced after 1 yr in the group treated with GLA, but not in the 
placebo group (83). Since no studies are available that examined the effects of GLA in 
diabetic patients with neuropathie pain as the primary inc1usion criterion, it is not 
known whether the drug is useful in these patients. 

a-Lipoic Acid (Thioctic Acid) 
There is accumulating evidence suggesting that free-radieal-mediated oxidative 

stress is implicated in the pathogenesis of diabetic neuropathy by inducing neurovascu­
lar defects that result in endoneurial hypoxia and subsequent nerve dysfunction (69). 
Antioxidant treatment with a-lipoic acid has been shown to prevent these abnormalities 
in experimental diabetes (84), thus providing a rationale for a potential therapeutic 
value in diabetie patients. In Germany, a-lipoic acid has been licensed and used for 
treatment of symptomatic diabetie neuropathy for more than 25 yr. A 3-wk multieenter, 
randomized, double-blind placebo-controlled trial (Alpha-Lipoic Acid in Diabetic Neu­
ropathy: ALADIN) has demonstrated that the infusion of a-lipoic acid (600 mg iv per 
day) over 3 wk (5-5-4 d) results in a significant reduction of the individual neuropathie 
symptoms (pain, buming, paresthesiae, and numbness) and the total symptom score 
(TSS) as compared with infusions containing placebo or 100 mg a-lipoic acid, without 
causing significant adverse reactions. The pain intensity in both the affective and sen­
sory scales of the HP AL dec1ined significantly by -1.6 ± 0.3 and -1.1 ± 0.2 points in 
patients treated with 600 mg a-lipoie acid as compared with -0.5 ± 0.1 and -0.4 ± 
0.1 points in those on placebo, but the reduction by -0.6 ± 0.1 and -0.6 ± 0.1 points 
in those given 100 mg a-lipoie acid was similar to the placebo response (76). 
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Table 3 
Meta-Analyses of Medical Treatments for Painful Diabetic Neuropathy 

Number of RCTs 
Study 
Number of patients 
Outcome measure 

Number needed to treat 
(NNT) 

NNT for minor adverse 
events 

NNT for major adverse 
events 

Topical 
Antidepressants Carbamazepine Capsaicin 

13 

465 
>50% pain 

relief 
2.9 

2.8 

19 

2 

70 
pain relief 

3.3/1.8 

1.9 

15 

4 

309 
analgesie 

efficacy 
4.2 

Modified after McQuay and Moore (51). 

a-Lipoic 
Acid 

ALADIN 

326 
> 30% symptom 

relief (TSS) 
4.0 

00 

00 

TSS: Total Symptom Score (pain, burning, paresthesia, nurnbness); RCTs: randomized clinical trials. 

In the ALADIN study, the NNT was 4.0 for a ::::;;30% reduction in the TSS after 3 wk 
of iv infusion of 600 mg <l-lipoic acid as compared with placebo (Table 3). This is com­
parable with the NNT estimated for the effective drugs in the symptomatic treatment of 
painful neuropathy. Since the infusion of <l-lipoie acid (600 mg iv, for 30 min over 3 
wk) is not accompanied by signifieant adverse reactions, this remedy can be recom­
mended for the initial treatment of painful symptoms in diabetie neuropathy (Table 1). 

Favorable effects of <l-lipoic acid (800 mg/d orally) given for 4 mo on reduced HRV 
in diabetie patients with cardiac autonomie neuropathy have been shown in another ran­
domized controlled trial (DEKAN Study) (77). An ongoing multicenter trial in Ger­
many is currently evaluating the efficacy of sequential treatment with <l-lipoie acid 
(3 wk iv followed by 6 mo oral treatment) on neuropathie symptoms and deficits. Two 
large international multicenter trials have been recently started to confirm the results of 
the ALADIN Study (NATHAN 2 Study) and to evaluate the efficacy and safety of 
long-term treatment with <l-lipoic acid over 4 yr on neuropathie deficits (NATHAN 
1 Study) (85). 

Symptomatic Treatment 

TOPICAL CAPSAICIN 

Since <l-lipoie acid is currently licensed only in Germany, elsewhere capsaicin cream 
(0.075%) can be employed at step III (symptomatic treatment; Table 1) ifpainful symp­
toms persist despite near-normal glycemie control, or if the latter is not achievable. 
Capsaicin (trans-8-methyl-N-vanillyl-6-nonenamide) is an alkaloid and the most pun­
gent ingredient in the red pepper. It depletes tissues of substance P and reduces neuro­
genie plasma extravasation, the flare response, and chemieally induced pain. Substance 
P is present in afferent neurons innervating skin, mainly in polymodal nociceptors, and 
is considered the primary neurotransmitter of painful stimuli from the periphery to the 
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Table 4 
Effects of Topical Capsaicin (0.075%) in Painful Diabetic Neuropathy 

Duration Pain Relief Improvement 
Reference n (weeks) (%) in QOL 

Chad et al. 1990 (87) 58 4 71 vs 41 %a n.d. 
Scheffler et al. 1991 (88) 54 8 89 vs 50%a n.d. 
Basha et al. 1991 (89) 15 8 100 vs 57% n.d. 
Capsaicin Study Group, 277 8 60 vs 45%a n.d. 

1992 (90) 
Capsaicin Study Group, 277 8 n.d. 18-30 vs 

1992 (91) 11-20%b 
Tandan et al. 1992 (92) 22 8 64 vs 18% n.d. 
Biesbroeck et al. 1995 235 8 76 vs 76% 57 vs 59%d 

(93t 
Low et al. 1995 (86Y 40 12 59 vs 67% n.d. 

a p < 0.05 vs vehicle cream. 
b ability to work (18 vs 11 %), sleep (30 vs 20%), walk (27 vs 15%; all p < 0.05). 
C capsaicin vs amitriptyline. 
d improvement of sleep. 
e different causes of neuropathy (idiopathic: n = 20; diabetic: n = 7). 

159 

QST 

n.d. 
n.d. 
n.d. 
n.d. 

n.d. 

TIVPT= 
n.d. 

TIVPT= 

QST: quantitative sensory testing, T/VPT: thermaUvibration perception threshold, n.d.: not determined; 
= no change; QOL: quality of life. 

central nervous system (86). Several reeent studies have demonstrated significant pain 
reduetion and improvement in quality of life in diabetie patients with painful neuropa­
thy after 8 wk of treatment (87-93) (Table 4). On the basis of a meta-analysis of four 
eontrolled trials (94) the NNT for eapsaiein is 4.2 for analgesie effeetiveness as aseer­
tained by the physieian (51) (Table 3). However, it has been eriticized that a double­
blind design is not feasible for topical eapsaicin beeause of the transient loeal 
hyperalgesia (usually mild buming sensation in >50% ofthe eases) it may produee as a 
typical adverse event (11,94). Treatment should be restrieted to a maximum of 8 wk, as 
during this period no adverse effeets on sensory funetion (beeause of the meehanism of 
action) were noted in diabetic patients (92). Appropriate studies are needed to evaluate 
the safety of eapsaicin before it ean be reeommended for long-term treatment. 

TRICYCLIC ANTIDEPRESSANTS 

If the pain does not respond to eapsaiein, trieyclic antidepressants are used at step IV 
(Table 1). Psyehotropic agents, among which antidepressants are evaluated most exten­
sively, have eonstituted an important eomponent in the treatment of ehronie pain syn­
dromes for more than 30 yr (95). Putative meehanisms of pain relief by antidepressants 
include the inhibition of norepinephrine and/or serotonin reuptake at synapses of eentral 
deseending pain-eontrol systems and the antagonism of N-methyl-D-aspartate reeeptor 
that mediates hyperalgesia and allodynia (96). The following NNTs have been ealcu­
lated for a pain reduetion of ~50%: amitriptyline: 2.1, imipramine: 3.7, desipramine: 
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3.2, clomipramine: 4.5 (97). The NNTs for efficacy and adverse events of antidepres­
sants on the basis of 13 studies (51) are shown in Table 3. Among 100 diabetic patients 
with neuropathie pain who are treated with antidepressants, 30 will experience pain 
relief by ~50%, 30 will have mild adverse events, and four will discontinue treatment 
because of severe adverse events (97). The most frequent adverse events of tricyclic 
antidepressants include tiredness and dry mouth (98). The starting dose should be 25 mg 
(10 mg in frail patients) and taken as a single night-time dose I h before sleep. It should 
be increased by 25 mg at weekly intervals until pain relief is achieved or adverse events 
occur. The maximum dose is usually 150 mg per day (99). Amitriptyline is frequently 
the drug of first choiee, since it has been studied most extensively and the mean effect 
size was relatively high when compared with other antidepressants (100). Alternatively, 
desipramine may be chosen because of its less-pronounced sedative and anticholinergie 
effects (101). The median dose for amitriptyline is 75 mg/d, and there is a clear dose­
response relationship (102). The effect is comparable in patients with and without 
depression and is independent of a concomitant improvement in mood (103). The onset 
of efficacy is much more rapid (1-7 d) than in the treatment of depression (101). 

The notion that the character of the neuropathie pain is predietive of response, so that 
burning pain should be treated with antidepressants and shooting pain with anticonvul­
sants is obviously incorrect (99), since both pain qualities respond to tricyclic antide­
pressants (101). 

SELECTIVE SEROTONIN-REUPTAKE INHIBITORS (SSRI) 

Patients who do not tolerate tricyclie antidepressants because of adverse events 
should be alternatively treated with the selective serotonin-reuptake inhibitors (SSRIs) 
paroxetine (40 mg/d orally) or citalopram (40 mg/d orally) (93,94) (step IV; Table 1). 
The following NNTs have been ca1culated for the SSRIs: fluoxetine: 15.3, paroxetine: 
5, citalopram: 3 (97). Thus, on the basis of the present evidence, citalopram and parox­
etine (20-40 mg/d orally) should be given preference over fluoxetine, (101). Beside the 
relatively low rates of adverse events, the advantage of the SSRI compared to the tri­
cyclie compounds is the markedly lower risk of mortality caused by overdose (104). 
Most evidence of efficacy of antidepressants comes from studies that have been con­
ducted over only several weeks. However, many patients continue to achieve pain relief 
for months to years (99). 

ANTICONVULSANTS AND ANTIARRHYTHMIC AGENTS 

Carbamazepine The successful treatment of trigeminal neuralgia with carba­
mazepine resulted in a more extensive use of this antieonvulsant in painful neu­
ropathies. There are three controlled clinical trials of carbamazepine (1-3 X 200 mg/d 
orally) in 30-40 patients that showed superiority over placebo treatment (105-107). In 
the study by Rull et aL (105), the NNT was 3.3 for pain reduction, 1.9 for mild (somno­
lence, dizziness), and 15 for severe (allergie skin reactions) adverse events (108) (Table 
3). These relatively high rates of adverse events and the relative paucity of clinieal trials 
somewhat limit the value of this remedy, so that it should find its place after the afore­
mentioned drugs have been unsuccessful (step IV; Table 1). Whether patients with cer­
tain pain qualities (shooting or stabbing pain) respond preferentially is not known. A 
recent, small, 4-wk controlled study revea1ed no differences in pain relief between car­
bamazepine and a combination of nortriptyline-fluphenazine (109). The pain relief by 
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carbamazepine is mediated presumably by stabilizing neuronal membranes through an 
effect on sodium conductance (11). 

Phenytoin (Diphenylhydantoin) In the past, phenytoin (3 X 100 mg/d orally) has 
been frequently advocated on the basis of an open study. However, controlled trials 
have yielded controversial results (105,1 06). Since efficacy has not been demonstrated 
unequivocally for this compound, it cannot be recommended. 

Mexiletine Mexiletine, a class Ib antiarrhythmic agent, has been shown to be effec­
tive in a small 10-wk study including 16 patients using an increasing dose from 
150 mg/d to 10 mg!kg/d orally. The NNT for a pain reduction of >35% was 1.6 and for 

mild adverse events (nausea, tremor) it was 5.3 (112). In a 5-wk multicenter trial, using 
3 X 75-225 mg/d orally, a beneficial effect has been demonstrated on burning and stab­
bing pain (113). The NNT was 5.6 for pain relief in the MPQ. An oral dose of 3 X 150 
mg/d, which is weIl below that required for antiarrhythmie therapy (600-800 mg/d), 
was sufficient and did not produce any adverse events or ECG abnormalities. Thus, 
short-term treatment with mexiletine can be recommended as a drug treatment of the 
last choiee in patients with persistent severe pain, but regular ECG monitoring is 
mandatory (step V; Table 1). 

Lidocaine In a controlled study in 15 diabetic patients with chronic painful neu­
ropathy, a single iv infusion of lidocaine (5 mg!kg over 30 min during continuous ECG 
monitoring) resulted in a significant pain relief after 1 and 8 d (114). The individual 
effect was sustained for 3-21 d. The NNT for a pain reduction of > 30% after 3 d was 
2.2. Since lidocaine resulted in an increase in the threshold for the nociceptive flexion 
reflex (M. bieeps femoris) in diabetic patients with painful neuropathy, it is conceivable 
that this compound mediates its pain re1ieving effect via spinal or supraspinal mecha­
nisms (115). Thermal and pain thresholds are not influenced (115,116). The onset of the 
analgesie effect during the iv infusion (500 mg in 60 min) is abrupt over a narrow 
dosage and concentration range (117). 

Clonidine A controlled 6-wk study using a transdermal clonidine patch (dose titra­
tion from 0.1 to 0.3 mg/d) in 24 diabetie patients has shown a nonsignifieant trend 
towards pain relief (118). The NNT for a moderate or marked pain reduction was 5.3, 
whereas the NNT for adverse events was relatively low, being 3.4 for dry mouth and 
drowsiness, respectively (118). Likewise, in a 3-wk trial in 41 patients no significant 
difference between clonidine and placebo regarding pain relief could be observed (119). 
However, 12 responders were identified, who experienced moderate-to-complete pain 
relief on clonidine compared to placebo patch. These patients were included in a second 
study using an "enriched enrollment" design (in whieh on1y patients who had been 
screened as responders are entered). In this study a significant 20% pain reduction com­
pared with placebo was noted. The NNT for adverse events (dry mouth, sedation, ortho­
statie symptoms) was 2.0 in the responders. Thus, on the basis ofthese data, transdermal 
clonidine cannot be generally recommended. The potential mechanisms for the anal­
gesic effect of clonidine include actions at <12 adrenergic or imidazoline receptors to 
cause postsynaptic inhibition of spinal cord neurons, presynaptic inhibition of nocicep­
tive afferents, facilitation of brain-stem pain-modulating systems, or peripheral or cen­
tral suppression of sympathetic transmitter release (118). 

Opioids There are two extreme positions on opioid sensitivity in pain. One suggests 
that opioid sensitivity is a relative phenomenon and therefore that any pain can be con-
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trolled by opioids, provided that there is an adequate dose escalation and control of 
adverse events (120). The other extreme insists that some pains are intrinsieally insensi­
tive to opioids and that this insensitivity can be predicted from the clinieal characteris­
tics of the pain (121). Nociceptive pain is thought to be sensitive to opioids, whereas 
neuropathie pain is regarded as insensitive. However, the latter view has been chal­
lenged by recent studies showing that the administration of morphine was associated 
with pain relief in 50% of patients with neuropathie pain of various origin (122). Fur­
thermore, an infusion of fentanyl induced a pain reduction by 66% compared with 23% 
by diazepam independent of the pain characteristics (123). This analgesie effect is 
intrinsie and independent of the degree of sedation and change in mood (122-124). 
Long-term studies using oral or transdermal application of opioids should evaluate the 
risk -to-benefit ratio of these drugs in patients with pain caused by diabetie neuropathy. 

In painful diabetie neuropathy, tramadol (up to 400 mg/d orally, mean dose: 
210 mg/d orally) has been studied in a 6-wk multicenter trial including 127 patients 
(125). Pain relief was 44% on tramadol vs 12% on placebo. The most frequent adverse 
events were nausea and constipation. The NNT for drop-outs because of adverse events 
was relatively low (7.9), indicating significant toxicity. Its use as drug treatment of the 
last choiee appears justified on the basis of these data (step V; Table 1). Trials to assess 
equivalence (e.g., vs antidepressants) should clarify the relative potency and toxicity of 
tramadol in painful neuropathy. 

B Vitamins Since the neurotrophic B vitamins exhibit antinocieeptive properties 
when given in high doses experimentally, they are being discussed in the treatment of 
various pain conditions (126). Since there is usually no evidence of depletion ofvitamin 
BI (thiamine), B6 (pyridoxine), and B12 (cyanocobalamine) in diabetic patients, (127), 
the putative analgesie effect rather than a substitution would appear relevant. However, 
the evidence for this assumption is not sufficient on the basis of the available controlled 
studies. Trials using vitamin B6 for 4 and 3 mo reported negative results (128,129). 
Moreover, it is alarming that the intake of mega doses of vitamin B6 (up to a maximum 
of 2-6 g/d orally) may lead to a severe sensory neuropathy with ataxia ( 130). The com­
bination of vitamin BI, B6, and B12 (300/600/0.6 mg/Tag orally) administered for 18 
wk in 33 diabetie patients was not associated with an appreciable effect on painful 
symptoms but resulted in an improvement in the warm and cold thresholds in the hands 
but not the feet (131). Since the bioavailability of the water-soluble B vitamins is low, 
two recent studies have employed benfotiamine, a lipid-soluble thiamine derivative 
(132,133), whieh has an approx 3.6-fold higher maximal bioavailability than the water­
soluble thiamine (134). In the first study, a combination of benfotiamine, vitamin B6 
and B12 (120/270/0.75 mg/d orally) or placebo was administered to 24 patients over 12 
wk. A beneficial effect could be demonstrated only in 1 out of 4 nerve function parame­
ters tested (132). In the second study, 40 patients were treated with 400 mg benfoti­
amine or placebo for 3 wk. A modest, albeit statistically signifieant, improvement was 
noted on a score for symptoms and deficits by 19% with benfotiamine vs 6% with 
placebo (133). Because of these altogether marginal effects, a multieenter study to clar­
ify the role of benfotiamine in the treatment of symptomatic polyneuropathy has been 
initiated in Germany. 

Rheologie Agents Microvascular changes of the vasa nervorum and reduced 
endoneurial blood flow resulting in hypoxia are thought to be important factors in the 
pathogenesis of diabetic neuropathy (69). Thus, there is solid theoretical background to 
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support treatment with vasodilating drugs (see Chapter 7). However, regarding rheo­
logic compounds, controlled studies have shown no effect on pentoxifylline (3 X 400 
mg/d orally) over 4 wk on pain in 16 patients (135) and over 6 mo in 40 patients on 
symptoms (136) associated with diabetic neuropathy. The same applies to cyc1andelate 
(1600 mg/d orally) (137,138), ginkgo biloba special extract EGb 761 (139), and sabelu­
zole (140). Thus, there is no evidence to support favorable effects of rheologic remedies 
on symptomatic diabetic neuropathy. 

Other Treatment Approaches In a controlled, 2-wk study of calcitonin (100 IU/d 
by intranasal spray) 3 and 1 out of 10 patients had complete and 50% pain relief, respec­
tively (141). 

Based on the idea that nuc1eotides may enhance nerve regeneration, uridine (3 X 300 
mg/d orally) has been evaluated in a controlled trial inc1uding 40 diabetic patients with 
peripheral neuropathy. After 6 mo, a positive effect on NCV and action potentials was 
noted (142). It is unclear whether this improvement can be translated into favorable 
effects on c1inical symptoms and deficits. Cerebrolysin, a peptidergic solution contain­
ing free aminoacids and biologically active peptides, has been infused iv over 10 d in 20 
type 2 diabetic patients with painful neuropathy. Pain was relieved by 33% on cere­
brolysin and by 12% on placebo after 6 wk, and no significant adverse events were 
observed (143). 

The administration of the nonsteroidal antirheumatic agents ibuprofen (4 X 600 
mg/d orally) and sulindac (2 X 200 mg/d orally) in an 8-wk single-blind study inc1uding 
18 diabetic patients was associated with an improvement in pain scores (144). 

In a 4-wk study, OpSite, an adherent polyurethane film that is waterproof and perme­
able to water vapor and oxygen, has been applied to painful sites of the leg in 33 dia­
betic patients. OpSite dressing alleviated pain and improved patients' quality of life 
when compared with no treatment (145). 

Regarding the role of traditional Asian medicine, only open-label studies are avail­
able. Traditional Chinese acupuncture (6 sessions in 1-2-wk intervals) resulted in pain 
relief in 12/15 (80%) of the patients (146). Placebo acupuncture (needles inserted in 
wrong locations) helps in 33 to 50% of the cases (147), indicating that a marked effect 
of acupuncture is conceivable but has yet to be verified in controlled studies. In Japan, 
goshajinkigan (herbal medicine; 3 X 2.5 g/d orally) has long been used to treat sympto­
matic diabetic neuropathy. However, possible effects on neuropathic symptoms and 
vibration perception threshold are rendered uninterpretable because of the uncontrolled 
study design ( 148). 

Immunoglobulins, Immunosuppressants, and Glucocorticoids Some patients 
with proximal or multifocal diabetic neuropathy show marked ischemic nerve lesions 
with vasculitis and inflammatory infiltration (27-29) termed diabetic inflammatory vas­
culopathy (30), whereas in others a demyelinating neuropathy without vascular inflam­
mation, indistinguishable from chronic inflammatory demyelinating polyneuropathy 
(CIDP) may be present (31). Thus, it is thought that treatment with iv immunoglobulins, 
immunosuppressants, and glucocorticoids may be helpful in these patients (28-31). 
However, there have been no controlled studies using these agents in proximal or mul­
tifocal diabetic neuropathy. This is a critical issue, since these forms frequently tend to 
resolve spontaneously, and the aforementioned drugs may produce significant adverse 
effects and are relatively expensive. In fact, some patients have been described recently 
who became free of pain shortly after nerve biopsy had been performed, so that addi-
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tional treatment was not necessary (28). It has been suggested that the interruption of a 
sensory branch of a nerve producing pain by stimulation of sensory fibers by mediators 
released by inflammatory cells may decrease painful afferents and give a feeling of 
relief to the patient (28). Because of the self-limiting nature of the symptoms and the 
potential adverse effects, some authors are reluctant to use immunotherapy (28,149), 
whereas others are not (29,150). However, there is general agreement regarding the 
need for future controlled studies using these agents in proximal diabetic neuropathy 
(28-31,149,150). 
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INTRODUCTION 

Diabetic neuropathy is the most common neuropathy in industrialized countries, with 
a remarkable range of clinieal manifestations. More than 80% of the patients with clini­
cal diabetic neuropathy have a distal symmetrical form, with predominant or isolated 
sensory and autonomie manifestations (1,2). In the others, and usually in association 
with symptomatic or latent distal symmetrical sensory polyneuropathy, diabetie patients 
may develop focal neuropathy that inc1ude cranial nerve involvement, limb and truncal 
neuropathies, and proximal diabetie neuropathy (PDN) of the lower limbs. In this group 
of neuropathies, the disorder tends to occur both in men and women over 50 yr of age, 
most with long-standing IDDM or NIDDM. The long-term prognosis of focal neuropa­
thy is good in most cases, but sequelae occur in some patients with proximal diabetie 
neuropathy. 

The occurrence of focal neuropathy in diabetie patients requires first exclusion of a 
nerve lesion from a superimposed cause by appropriate investigations, then considera­
tion of the occurrence of nondiabetie neuropathies more common in diabetic patients, 
before concluding that the patient is suffering from a focal diabetic neuropathy and dis­
cussing whieh treatment, if any in addition to control of diabetes, is needed. 

CRANIAL DIABETIC NEUROPATHY 

Oculomotor nerve palsies are the most common if not the only cranial neuropathy 
observed in diabetic patients. 

Historical Background 
The first author to mention the occurrence of diabetic ophthalmoplegia is Ogle in 

1866 (cited in ref. 3). In 1905, Dieulafoy published aseries of 58 personal cases in 
whieh he described most of the clinieal characteristics of diabetic ophthalmoplegia (4) 
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and, in 1935, Waite and Beetham performed the first epidemiological study on the sub­
ject in which they compared the occurrence of oculomotor palsy in 2002 diabetic 
patients with 457 nondiabetic patients (5). Aseries of other clinical reports have refined 
our knowledge on the subject, but pathological studies remain scanty with only a few 
autopsy cases studied (6-8) and the pathophysiology of oculomotor palsies in diabetic 
patients remains a matter of discussion. 

Epidemiology 
Like focal neuropathy observed in other sites of the body, diabetic ophthalmoplegia 

is uncommon in diabetic patients. In 1933, Gray observed two patients with ophthalmo­
plegia among 500 diabetic patients examined (9) and Waite and Beetham estimated the 
incidence of oculomotor palsy among diabetics to be 0.8% (5) and to be 1.8% in ref. 10. 
It is interesting to note that in this study, the frequency of oculomotor palsy was 0.8% in 
patients of less than 45 yr of age, vs 2.1 % after 45 yr. 

The sixth and the third cranial nerves are the most commonly affected oculomotor 
nerves. In aseries of 58 cases of diabetic ophthalmoplegia, Dieulafoy (1906) reported 
35 cases of sixth-nerve palsy, 12 cases of third-nerve palsy, five cases of fourth-nerve 
palsy, and six cases of external ophthalmoplegia (4). The sixth cranial nerve was more 
often affected than the third one in two series (11,5). Conversely, in another series, 
the third nerve is predominantly affected. The 14 patients reported by Weinstein and 
Dolger (1948) included seven cases of third-nerve palsy, six of sixth-nerve involve­
ment, and one with simultaneous involvement of both nerves (12). In an analysis of 811 
cases of oculomotor palsies, diabetes accounted for 2.6% of third-nerve palsy, 1.9% of 
sixth-nerve palsy, and 0.6% of fourth-nerve palsy (13). Finally, in Zorrilla and Kozak's 
series of 24 cases, 17 patients had an involvement of the third nerve, including two 
bilaterally, and seven cases of sixth-nerve palsy, but no fourth-nerve involvement (14). 

Clinical Manifestations 
In virtually all cases, diabetic ophthalmoplegia occurs in diabetic patients over 50 yr 

of age, both in insulin-dependent and in non-insulin-dependent diabetic patients. Rare 
cases have been reported in younger patients or even in children ( 15 ). The onset is rapid, 
within a day or two. In many cases, the patient experiences pains during a few hours to 
a few days before noticing diplopia. Pain thus preceded the onset of diplopia in 14 out 
of the 25 patients reported by Green et al. (16) and in 18 out of the 22 episodes of ocu­
lomotor palsy that occurred in the 20 patients reported by Goldstein and Cogan (17). 
Pain seems more common when the third cranial nerve is affected than when the sixth 
nerve is involved (14). Pain is usually aching, behind or above the eye, and sometimes 
more diffuse but always homolateral to the oculomotor palsy. Pain is often attributed to 
the involvement of the first and second divisions of the trigeminal nerve within the cav­
ernous sinus (14), whereas others suggest a role for activation of pain-sensitive endings 
within the sheath ofthe third nerve as it traverses the cavernous sinus (8,18). Pains does 
not persist after the onset of diplopia. 

Oculomotor dysfunction is often incomplete-when the third nerve is involved one 
or two muscles only may be paralyzed. In their series of 22 episodes of ophthalmople­
gia observed in 20 patients, Goldstein and Cogan mentioned 12 episodes of complete 
dysfunction, three episodes of nearly complete dysfunction, and three of partial paraly­
sis (17). Ptosis is marked, the eye is deviated outward when the internal rectus muscle is 
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affected, and the patient is unable to move the eye medially, upward, or downward. 
Pupillary innervation is often spared, as in 75% ofthe cases in ref.17, whereas massive 
pupillar paralysis was observed in only two patients out of 20. In another study (16), the 
pupillary function was spared in 68% of cases, whereas Rucker observed pupillary dys­
function in 3 out of 21 cases of third-nerve palsy (13). Sparing of pupillary function per­
mits one to differentiate third-nerve palsy of diabetic origin from third-nerve palsy 
resulting from compression of the nerve by an aneurysm of the posterior communicat­
ing artery, in which pupillary dilatation is very common. Centrofascicular lesion found 
by Asbury and coworkers at autopsy of a patient with third-nerve palsy accounts for 
sparing of pupillary function (8) because of the relative intactness of pupillomotor 
fibers that are peripherally placed in the third nerve (18). However, it has been recently 
suggested that isolated third-nerve lesions in diabetic patients, with or without pupillary 
sparing, could result from mesencephalic infarcts (19). 

Spontaneous recovery invariably occurs within an average 2-3 mo, independently of 
the quality of control of hyperglycemia. Aberrant regeneration and synkinesia, which 
are common after facial-nerve palsy of different origin, do not disturb recovery of dia­
betic ophthalmoplegia. 

Pathology 

Two serial sections studies performed in patients with third-cranial-nerve palsy 
demonstrated a centrofascicular lesion of the nerve in its intracavemous portion (7,8). 
In the latter report, the axons were relatively spared on silver-stained sections. The 
myelin destructive lesion was 6-7 mm in length and the fibers placed at the periphery of 
the nerve trunk were relatively spared, which accounted for the pupillary sparing. The 
authors found no occluded vessel either intraneurally or in the nutrient vessels supply­
ing the third nerve. In both reports, the authors agreed that the observed centrofasci­
cular lesions of the third nerve were most likely ischemic in origin. It must be noted, 
however, that nerve ischemia usually induces axonal nerve lesions, not demyelinative 
ones. An inflammatory process of the type observed in biopsy specimens of the femoral 
nerve with partial ischemic lesions can also be considered. 

LIMB NEUROPATHY 

Isolated involvement of peripheral nerve of the limbs including radial, median, and 
ulnar nerves in the upper limbs and of the peroneal nerve for the lower limbs, occurs in 
diabetic patient and it is sometimes difficult to know whether it is a manifestation of 
increased liability of nerves to pressure palsy in common sites of entrapment in diabetic 
patients, or a specific diabetic neuropathy. In other cases, development of sensorimotor 
deficit in the territory of one or several nerve trunks occur without evidence of superim­
posed cause for neuropathy. Such cases are extremely rare considering the frequency of 
distal symmetrical diabetic neuropathy and should always be investigated as in nondia­
betic patients. In particular, it is necessary to perform electrophysiological testings to a 
more accurate localization of the lesions, and, when clinical and electrophysiological 
data point to spinal root lesions, to perform magnetic resonance imaging of the spine, or 
any other investigation needed to exclude another cause of neuropathy. When nerve 
trunks are clearly affected clinically and electrophysiologically, a nerve and muscle 
biopsy in an affected territory should be considered to exclude such causes as necrotiz­
ing arteritis, sarcoidosis, or leprosy. In some cases, however, no other cause than dia-
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betes is found and the diagnosis of diabetic neuritis is likely. In the lower limbs, the 
most common pattern of focal neuropathy is characterized by proximal sensory and 
motor manifestations. 

Proximal Diabetic Neuropathy (PDN) ofthe Lower Limbs 
Diabetic patients, usually over the age of 50, mayaiso present proximal neuropathy 

of the lower limbs characterized by a variable degree of pain and sensory loss associated 
with uni- or bilateral proximal muscle weakness and atrophy. This syndrome, which 
was originally described by Bruns in 1890 (20), has been subsequently reported under 
the terms of diabetic myelopathy (21), diabetic amyotrophy (22), femoral neuropathy 
(23,24), proximal diabetic neuropathy (25,26), femoral-sciatic neuropathy (27), and the 
Bruns-Garland syndrome (28,29). The neurological picture is limited to the lower limbs 
and is usually asymmetrical (30). Clinically, the different patterns and the course of 
PDN strikingly differ from those of DSSP, suggesting different pathophysiologie fea­
tures. In arecent study of 27 patients (31), 24 had NIDDM and 3 had IDDM, and the 
mean age at diagnosis was 62 yr (range 46-71); the male:female ratio was 16: 11. 

The onset of the neuropathy is acute or subacute. The patient complains of numbness 
or pain of the anterior aspect of the thigh, often of the burning type, and it worsens at 
night. Difficulty in walking and climbing stairs occurs, because of weakness of the 
quadriceps and iliopsoas muscles. Muscle wasting is also an early and common phe­
nomenon, which is often easier to palpate than to see in heavier patients. The patellar 
reflex is decreased or more often abolished. The syndrome progresses over weeks or 
months in most cases, then stabilizes and spontaneous pains decrease, sometimes 
rapidly. In many instances, as in those originally reported, there is no marked or any 
sensory loss, as emphasized by Garland who found inconstant extensor plantar response 
and increased CSF protein content, and feit that they resuIted from a metabolie 
myelopathy in patients who were treated for diabetes but not under full diabetic control 
(22). In approximately one third of the patients, there is adefinite sensory loss over the 
anterior aspect of the thigh, and in the others a painful contact dysesthesia in the distri­
bution of the cutaneous branches of the femoral nerve, without definite sensory loss. 

Bruns who had described the condition, found that the dis order was reversible by 
dietetic restriction only (20). Garland also noticed that in four of his five patients, there 
had been a striking recovery of power, with less obvious improvement of muscle wast­
ing (22). Most of the features identified by Garland were subsequently confirmed, 
including the usual good long-term prognosis, independently of the quality of diabetic 
control. 

In most cases, the patient's condition improved after months, but sequelae including 
disabling weakness and amyotrophy, sensory loss, and patellar areflexia are common 
(31,32). In arecent survey oflong-term follow-up of up to 14 yr recovery began after a 
median interval of 3 mo (range 1-12 mo) (31), pain was the first symptom to improve, 
resolution being comparatively rapid, beginning within a few weeks and being almost 
complete by 12 mo. Residual discomfort in the patients of Coppack and Watkins took 
up to 3 yr to subside. Motor recovery was satisfactory and none of their 27 cases 
showed disabling residual deficits, but seven complained of some persisting weakness 
and significant wasting of the thigh was evident in half of the cases (31). Denervation 
atrophy found in the muscle sampies fits well with the long-term, or permanent, weak­
ness and amyotrophy that often affected distal muscles. Relapses on the other side are 
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common, sometimes in spite of good diabetic control. In one fifth of the patients that we 
investigated for this syndrome, relapses occurred on the other side within a few months, 
the same proportion as in ref. 31. Thus, the c1inical features ofPDN with frequent motor 
involvement, asymmetry of the deficit, and gradual yet often incomplete spontaneous 
recovery, markedly differ from those of DSSP in which the length-dependent symmet­
rical sensory deficit is associated with motor signs only in extreme cases, and which 
virtuaIly never improves spontaneously. In the syndrome described by Garland as "dia­
betic amyotrophy," motor manifestations are more prominent and both sides are 
affected but the syndrome is a variant of proximal diabetic neuropathy, since lesions of 
the sensory branch of the femoral nerve are also present in patients who had no sensory 
signs or symptoms (32). 

Electrophysiological Studies 
Needle electromyography electrophysiological studies reveals signs of denervation 

in affected musc1es with spontaneous fibriIlation, usually bilateraIly even in cases with 
weakness restricted to one side. In more severe cases, there may be evidence of wide­
spread denervation affecting distal leg musc1es as weIl and also those innervated by the 
lower thoracic spinal roots. In cases of long duration, motor-unit potentials are of 
increased amplitude, reflecting reinnervation by coIlateral sprouting from surviving 
motor axons. The motor action potentials may be polyphasic and of low amplitude, 
leading to the suspicion of myopathy (33). Nerve-conduction studies indicate axonal 
loss rather than demyelination (26), and the compound-musc1e action potential in the 
quadriceps musc1es on femoral nerve stimulation is reduced in amplitude. The F wave 
latencies to distal musc1es (34,35) are difficult to interpret in view ofthe frequent coex­
istence of a distal polyneuropathy (36,37,26). 

Pathological Aspects 0/ PDN 
In arecent pathological study of biopsy specimens of the intermediate cutaneous 

nerve of the thigh, a sensory branch of the femoral nerve that conveys sensation from 
the anterior aspect of the thigh, a territory commonly involved in PDN, we found that 
the pathology ofproximal nerves varied with the c1inical aspects ofthe neuropathy (32). 
In the patients with the most severe sensory and motor deficit, examination of the 
biopsy specimen revealed lesions characteristic of severe nerve ischemia, inc1uding 
total axon loss in the two patients with the most severe deficit, and centrofascicular 
degeneration of fibers associated with a large number of regenerating fibers in one (Fig. 
1), foIlowing a pattern ofaxonal loss observed in c1inical and experimental nerve 
ischemia (38,39). Lesions of nerve fibers coexisted with occ1usion of a perineurial 
blood vessel in one of our patients, in keeping with the only detailed postmortem study 
ofPDN available (40), in which the authors found a smaIl infiltration with mononuc1ear 
ceIls associated with the occ1usion of an interfascicular artery of the obturator nerve in a 
patient with proximal and distal deficit of the left lower limb. In a patient who devel­
oped a rapid, asymmetrical, distal sensorimotor deficit shortly after the onset of the 
proximal deficit, recent occ1usion of a perineurial blood vessel and perivascular, per­
ineurial, and subperineurial inflammatory infiltration with mononuc1ear ceIls were 
demonstrated, along with axonal degeneration of the majority of nerve fibers of the 
superficial peroneal nerve. In the other patients, lesions of nerve fibers and of endoneur­
ial capillaries were similar to those observed in the sural nerve in diabetic patients with 
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Fig. 1. One-micron thick cross-section of a biopsy specimen of the intennediate cutaneous nerve of 
the thigh from a patient with NIDDM who presented with proximal, purely motor, neuropathy of the 
lower limbs. There was no sensory loss upon examination. Note the striking reduction in the density 
of nerve fibers with several regenerating axons fonning clusters (arrows). Thionin blue staining. 
Magnification: lOOOX. 

1 l 

Fig. 2. Consecutive segments of groups of teased nerve fibers to illustrate the mixture ofaxonal 
degeneration (fiber 3) and segmental demyelination (fiber 2) and remyelination (fiber 1) observed in 
the intennediate cutaneous nerve of the thigh from a patient with clinically purely motor proximal 
diabetic neuropathy. 

symptomatic DSSP. Mixed, axonal, and demyelinative nerve lesions were associated 
with increased endoneurial ceHularity made of mononuc1ear ceHs that suggested the 
presence of a low-grade endoneurial inflammatory process in four of them (Fig. 2). In a 
recent study of patients with extremely painful PDN, we found similar inflammatory 
lesions with B- and T-lymphocytes mixed with macrophages (41). The patients, who 
were already treated with insulin for weeks or months, became painless within days 
after performance of the biopsy, without additional treatment (Fig. 3). These observa­
tions show that the presence of inflammatory infiltrates does not prec1ude spontaneous 
recovery (41). 
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Fig. 3. Paraffin section of a nerve specimen from a patient with painful proximal diabetic neuropathy 
who recovered spontaneously after performance of the biopsy of the intermediate cutaneous nerve of 
the thigh. Note the conspicuous inflammatory infiltration ofthe epineurium and perineurium (arrow). 
Immunolabeling showed a mixture of B- and T -lymphocytes with a few macrophages. H & E stain­
ing. Magnification: 250X. 

The relationship between the occurrence of inflammatory infiltrates, vaseulitis, and 
diabetes is not c1ear. Small inflammatory infiltrates have been occasionally encountered 
in sural-nerve biopsy specimens of diabetic patients with neurological deficit (42) 
and in autonomie nerve bundles and ganglia (43). Lesions of nerve fibers and of blood 
vessels caused by diabetes may trigger an inflammatory reaction and reactive vaseulitis 
in some patients; altematively diabetes may make the nerves more susceptib1e to inter­
current inflammatory or immune processes. In both cases, lesions of epi- or perineurial 
blood vessels can induce ischemic nerve lesions responsible for severe proximal sen­
sory and motor deficits. Conversely, in milder forms, the lesions are more reminiscent 
of those observed in distal symmetrical polyneuropathy. 

Focal Neuropathy ofthe Upper Limbs 
Focal nerve lesions of the upper limbs are very uncommon in diabetes, and another 

cause must always be looked for in this setting. Ouring the past 25 yr, we saw only two 
patients with painful ulnar-nerve involvement, two patients with a radial-nerve palsy, 
and one patient who developed brachial neuritis after a proximal neuropathy of the 
lower limbs that could be attributed to diabetes. Proximal weakness of the upper limbs, 
as it appears in the lower limbs, is very uncommon, and seems to affect predominantly 
musc1es supplied by the C5-C6 spinal roots (44). 

Truncal Neuropathy 
Trunk or thoraco-abdominal neuropathy affects almost exc1usively older diabetic 

subjects (45). It is unilateral or predominantly so. The onset is abrupt or rapid, with 
pains or dysesthesias as the main features. The pain may have a radicular distribution 
and is alm ost made worse by contact and at night. Weakness of abdominal musc1es 
occurs (46). Thoraeie or truncal neuropathy should not be confused with sensory loss 
that affects the anterior aspect of the trunk in severe forms of 1ength-dependent neu­
ropathy, which is virtually never painful over the trunk (47). 
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Nondiabetic Neuropathies more Common in Diabetic Patients 
In addition to specific neuropathies, diabetic patients seem more prone to develop 

some types of neuropathy than nondiabetic. 

INcREAsED LIABILITY TO PRESSURE PALSY 

Pressure palsy is more common in diabetic individuals (48). Carpal-tunnel syndrome 
occurs in 12% of diabetic patients (49) and the incidence ofulnar neuropathy caused by 
microlesions at the elbow level is high in diabetic patients also (50). 

ACQUIRED INFLAMMATORY DEMYELINATIVE POLYNEUROPATHY 

Inflammatory, predominantly demyelinative neuropathy also must be differentiated 
from diabetic polyneuropathy, and may occur with a greater frequency in this popula­
tion. This diagnosis must be suspected when an acute or subacute, often predominantly 
motor, demyelinative polyneuropathy occurs in a diabetic patient. Electrophysiological 
features are those of a demyelinative neuropathy (51). The course and response to treat­
ments are the same as in nondiabetic patients. 

MUCORMYCOSIS 

This rare condition is an acute disease that affects successively the air cavities of the 
face, the orbit, and the brain, in relation with proliferation of a fungus of the c1ass Phy­
comyceta (52). In 36% of the cases, it is associated with diabetes, especially diabetic 
acidosis. After an episode of rhinological involvement with epistaxis, a diabetic patient 
in acidosis manifests violent headaches and orbitonasal pains with swelling of the lids 
and ophthalmoplegia. The disease spreads to the meninges and to the brain through the 
arteries, inducing thrombosis of the ophthalmie, then of the internal carotid artery with 
subsequent hemiplegia. The prognosis is extremely poor. The diagnosis should be made 
very early by biopsy of the nasaliesions that allows identification of the causative phy­
comycete and beginning of treatment. 

DIFFERENTIAL DIAGNOSIS 

In focal neuropathy occurring in diabetic patients, a neuropathy of another origin 
must always be exc1uded. In patients with ophthalmoplegia, preservation of pupillary 
motricity in a nearly complete third-nerve palsy strongly suggests a diabetic origin, 
however even in such cases, it is wiser to perform a noninvasive investigation of the 
area. Magnetic resonance angiogram, will permit one to rule out a compressive lesion of 
the third nerve by a large aneurysm of the carotid artery within the cavernous sinus, of 
the posterior communicating artery, or a fusiform aneurysm of the top of the basilar 
artery. Imaging will also permit exc1usion of tumors occurring at the base of the brain or 
in the basal skulI. In patients with progressive involvement of several cranial nerves 
without imaging abnormalities, examination of the CSF may detect malignant cells 
characteristic of a carcinomatous meningitis. In diabetic patients who develop a focal or 
multifocal neuropathy of the limbs, other causes than diabetes should also be consid­
ered. The first step in this context is to determine if the lesions are located in the spinal 
roots or in the peripheral nerves. A distinction that may be difficult c1inically and elec­
trophysiologically. In addition, the lesions may be mixed. A nerve and musc1e biopsy 
may be considered, especially when another cause of focal or multifocal neuropathy is 
considered. When a diabetic patient develops proximal weakness without much pain, a 
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superimposed cause of motor neuropathy or of motor neuron disease must be consid­
ered, and appropriate investigations undertaken. 

TREATMENT OF FOCAL DIABETIC NEUROPATHIES 

Cranial-nerve palsies improve spontaneously and do not require specific treatment. 
Proximal diabetic neuropathy is often very painful and should be treated with paraceta­
mol (acetaminophen) and codeine for example. Since some patients with disabling 
painful proximal neuropathy responded only to corticosteroids, this treatment should be 
considered in severe forms (32). This will require adjustment of diabetic control with 
insulin in most cases. Others have suggested the use of immunosuppressives or 
immunomodulators, like iv, immunoglobulins (42), but one should keep in mind that 
the overall spontaneous prognosis of focal diabetic neuropathies is good. 
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INTRODUCTION 

Diabetes is the most frequent eause of peripheral neuropathy in the developed world. 
A broad eonstellation of symptoms oeeur, affeeting eardiovaseular, urogenital, gas­
trointestinal, pupillomotor, thermoregulatory, and sudomotor funetion. Autonomie 
impairment is usually gradual and progressive. Estimates of the prevalenee of diabetie 
autonomie neuropathy are dependent on the specifie population under study and most 
reported studies have referral bias. A eommunity-based population study in Oxford, UK 
showed the prevalenee of autonomie neuropathy, defined by the presenee of one or 
more abnormal heart-rate variability test result, was 16.7% (1). Symptomatie autonomie 
neuropathy (excluding ereetile failure) was present in 11.6% of type 1 and 0.5% of type 
2 diabetie patients in this eohort. Ereetile failure was present in 40.8% of the diabetie 
males (1). Symptomatie viseeral autonomie neuropathy had a prevalenee of 5.5% in a 
population-based study of diabetie patients in Rochester, Minnesota (2). The prevalenee 
of ereetile failure in this study was 13% of the insulin-dependent diabetie patients 
(IDDM) and 8% of the non-insulin-dependent (NIDDM) patients. Other autonomie 
symptoms were reported eonsiderably less frequently. Gastroparesis was reported in 
0% of IDDM patients and 1 % of NIDDM patients; noctumal diarrhea in 1 % of IDDM 
patients and 0.4% of NIDDM patients; urinary ineontinenee in 1 % of IDDM patients 
and 0% of NIDDM patients, and postural fainting in 1 % of IDDM patients and 0% of 
NIDDM patients (2). 
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CARDIOVASCULARAUTONOMIC NEUROPATHY 

Clinical Features 
Severe symptomatie eardiovaseular autonomie dysfunetion oeeurs infrequently in 

eommunity-based studies of diabetie autonomie neuropathy. In clinie-based studies, 
15-40% of unseleeted diabetie patients display abnormalities in eardiovaseular auto­
nomie funetion (3-8). Abnormalities are present in teenagers with IDDM and patients 
tested shortly after diagnosis, whieh suggests that, at least in some eases, autonomie 
nervous system dysfunetion or damage oeeurs early in the eourse of diabetes (9-11). 

An inereased resting heart rate is frequently observed in diabetie patients (12,13). 
With disease progression, some patients display a fixed heart rate that, like the trans­
planted heart, responds only minimally to physiologieal stimuli. The heart-rate ehanges 
have a eharaeteristie time eourse. Initially, there is a taehyeardia, most likely beeause of 
the vagal eardiae neuropathy that results in unopposed eardiae sympathetie nerve aetiv­
ity. The taehyeardia may be followed by a deerease in heart rate and, ultimately, a fixed 
heart rate eaused by progressing eardiae sympathetie nervous system dysfunetion 
(14-16). 

The normal autonomie nervous system displays eireadian variability. Control sub­
jeets have a noetumal inerease in parasympathetie tone, whereas sympathetie tone 
inereases in the first hours after awakening and is maintained throughout the day (17). 
Thus, normal subjeets have longer mean RR intervals and greater heart-rate variability 
at night (18). Abnormal eireadian rhythms beeause of deereased parasympathetie ner­
vous system aetivity have been observed in diabetie patients. Twenty-four-h EKG 
reeordings of diabetie patients have shown a redueed noetumal fall of heart rate, higher 
mean hourly heart rate, and lower heart-rate variability eompared to eontrols (18-22). 

Blood pressure also exhibits a cireadian rhythm. In eontrol subjeets, blood pressure is 
lowest during sleep and highest during wakefulness. Several studies have demonstrated 
a loss, blunting, or reversal of the noetumal blood pressure fall in diabetie patients. The 
disruption of the blood-pressure eireadian rhythm has been associated with autonomie 
neuropathy (22-24). A eardiomyopathy may be present in diabetie patients, even those 
without isehemie heart disease. The eardiomyopathy manifests as impaired myoeardial 
eontraetility and a deereased left-ventrieular diastolie filling observable by radionuclear 
ventrieulography (25,26). The eauses ofthe eardiomyopathy include an autonomie neu­
ropathy, mierovaseular myoeardial disease, deereased eardiae-eateeholamine respon­
sivity, and myoeellular hypertrophy with fibrosis. Silent or painless eardiae isehemia 
(27,28) attributed to damage to afferent fibers reaehing the myoeardium is also fre­
quently reported. 

Several authors have drawn attention to the inereased frequeney of sudden death in 
patients with autonomie neuropathy. Proposed etiologies have included eardiorespira­
tory arrest eaused by eardiae arrhythmias, QT -interval dispersion, silent eardiae 
isehemia, sleep apnea, and an abnormal ventilatory response to hypoxia, partieularly in 
association with pulmonary infeetion, surgery, and anesthesia (29-32). 

Numerous studies have identified a relationship between autonomie neuropathy and 
QT interval prolongation in diabetie subjeets (33-41). These observations may explain 
the sudden and unexpeeted death observed in some diabetie patients. The role of QT­
interval prolongation in the eomplieations of diabetes is not universally aeeepted. Fur­
thermore, the association between autonomie neuropathy and QT prolongation is not 
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present in all studies. Bazett's formula is the most widely used formula for adjusting the 
QT interval for heart rate. However, the use of this method to adjust the QT interval 
may overcorrect the interval at fast heart rates and undercorrect the interval at slow 
heart rate. 

Orthostatic hypotension, defined as a fall in systolic blood pressure of 20 mmHg or a 
fall in diastolic blood pressure of 10 mmHg, (42) occurs in diabetic patients as a conse­
quence of efferent sympathetic vasomotor denervation that causes reduced vasocon­
striction of the splanchnic and other peripheral vascular beds (43). Patients typically 
present with lightheadedness and presyncopal symptoms. Many patients, however, 
remain asymptomatic despite significant falls in blood pressure. There is a decrease in 
total, splanchnic, and cutaneous vascular resistance. The normal increase in plasma nor­
epinephrine in response to postural change is typically reduced relative to the fall in 
blood pressure (44). Diminished cardiac acceleration and cardiac output, particularly in 
association with exercise, may also play a role in the presentation of this disorder 
(44,45). Less frequently, an increase in norepinephrine is observed that may be caused 
by low blood volume or decreased red-cell mass (46,47). Fluctuations in the degree of 
orthostatic hypotension are frequently observed and may reflect postprandial blood 
pooling, the hypotensive role of insulin, and changing patterns of fluid retention 
because ofrenal failure or congestive heart failure (48-50). 

Treatment endeavors include nonpharmacological approaches such as a high sodium 
diet, raising the head of the bed during sleep, and supportive hose. These measures usu­
ally help only the mildly afflicted. 

Pharmacological measures include mineralocorticoids, direct and indirect sympath­
omimetic agents and other pressors, prostaglandin-synthesis inhibitors, dopamine­
blocking agents, and V-receptor agonists (51,52). These medications may be used 
singly or in combination. Recent observations suggest that erythropoietin may increase 
standing blood pressure and improve orthostatic tolerance in patients with orthostatic 
hypotension (53,54). Therapy should be initiated with 9-alpha-fludrocortisone. The 
usual starting dose is 0.1 mg. This agent can be gradually increased to a maximal daily 
dose of 0.5-1.0 mg. A pressor, sympathomimetic agent, erythropoietin, or 
prostaglandin-synthetase inhibitor can be added to the drug regimen of those patients 
who remain symptomatic (see Table 1). Most diabetic patients with orthostatic hyper­
tension will respond to these interventions. Refractory patients may require a combin­
ation of several agents, although the orthostatic hypotension that is associated with 
diabetes only rarely demands such extensive therapy. 

Laboratory Evaluation 

The heart receives reciprocal innervation by the sympathetic and parasympathetic 
nervous systems. Cardiac parasympathetic nerves originate in the dorsal motor nucleus 
and nucleus ambiguus of the medulla oblongata. The presynaptic vagus nerves synapse 
with postsynaptic epicardial and myocardial cells predominantly situated near the SA 
node and A V node. The right vagus predominantly innervates the SA node, whereas the 
left vagus predominantly innervates the A V node. Acetylcholine is the predominant 
neurotransmitter released at the postsynaptic parasympathetic nerve terminals. Vagal 
stimulation results in an abrupt bradycardia. The sympathetic preganglionic nerves 
originate in the intermediolateral column of spinal-cord segments C7-T6. These nerves 
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Table 1 
Pharmacotherapy of Orthostatic Hypotension 

Mineraloeorticoids 
9 a-Fludroeortisone 

Sympathomimetic agents 
Ephedrine 
Pseudoephedrine 
Phenylpropanolamine 
Midodrine 

Nonspecific pressor agents 
Ergot derivatives 
Caffeine 
Somatostatin analogs 

ß-Adrenergie blocking agents 
Propranolol 
Pindolol 

Prostaglandin synthetase inhibitors 
Indomethacin 
Ibuprofen 
Naproxen 

Dopamine bloeking agents 
Metoclopramide 
Domperidone 

VI and V2 reeeptor agonists 
Desmopressin acetate (DDA VP) 
Lysine-vasopressin 

Erythropoietin 

Freeman 

synapse in the stellate and middle eervieal ganglia and, upon reaehing the heart, inner­
vate the myoeardium, atria, and eonduetion system. Norepinephrine is the neurotrans­
mitter released by sympathetie nerves. 

The autonomie nerves are usually subdivided under the classifieation proposed by 
Gasser (55). Under this classifieation the unmyelinated C fibers and lightly myelinated 
A8 fibers are responsible for autonomie-nerve transmission. The C fibers have a diame­
ter of 0.25-1.35 mm and a eonduetion velocity of 0.5-2 m/s. These nerve fibers also 
eonvey innoeuous warm and cold, noxious heat, and dull pain sensation. The Ad fibers 
have a larger diameter of 3-7 mm and a faster eonduetion velocity of 3-30 m/s. The A8 
nerve fibers also eonvey innoeuous eold and sharp pain sensation. These nerves are not 
direetly aeeessible and thus slow eonduetion veloeities are not amenable to standard 
neurophysiologieal teehniques (see Table 2). 

A group of tests assessing autonomie funetion and dysfunetion has been developed 
over the years that eireumvent the problems ereated by the inaeeessibility of the auto­
nomie nerves and their slow eonduetion veloeities. The most widely used of these tests 
are the measures of eardiovaseular autonomie funetion. Combinations of these auto­
nomie tests provide a sensitive measure of autonomie funetion and have been utilized 
by many investigators evaluating diabetie patients with autonomie failure (56-58). 
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Table 2 
Subdivision of Autonomie Fibers 

Fiber type Myelin 

Aß fibers lightly myelinated 
C fibers pain unmyelinated 

Diameter 

3-7mm 
0.25-1.35 mm 

c.v. 
3-30 mls 
0.5-2 mls 
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Other Functions 

cold and sharp pain 
warm, cold, noxious 

heat and dull 

Cardiovaseular Autonomie Function Testing 
In 1982, Ewing and Clarke advocated a battery of five tests, suitable for bedside auto­

nomie function testing. These tests (the average inspiratory-expiratory heart-rate differ­
ence with six deep breaths, the Valsalva ratio, the 30: 15 ratio, the diastolic blood pressure 
response to isometrie exercise, and the systolic blood-pressure fall to standing), they sug­
gested, provided an assessment ofboth sympathetic and parasympathetic nervous system 
function. With some modifieations, this test battery still forms the core of the cardiovas­
cular autonomie evaluation performed by many autonomic laboratories (59). 

Clinical studies using these noninvasive measures of cardiovascular function have 
demonstrated a strong correlation with the presence of symptoms (60,61). Abnormal 
measures of cardiovascular autonomie function have also correlated with abnormal 
autonomic function in other organ systems inc1uding abnormal pupillomotor function, 
(62,63) gastrointestinal function (64) and norepinephrine production (65). Although 
these cardiovascular tests are sensitive, abnormalities in lower-extremity sudomotor 
function and impotence may precede any detectable cardiovascular autonomie neuropa­
thy (60,66). 

A pattern of initial parasympathetic cardiac dysfunction followed by sympathetic 
cardiovascular dysfunction has been observed. This observation may be a consequence 
of the nerve "length dependence" of the neuropathie process or a reflection of the sensi­
tivity of the tests of cardiac autonomie function. Low et al. (66) addressed the latter 
possibility in a study comparing distal sweating (a cholinergie, sympathetic nervous 
system-mediated function) with heart-rate variation (a parasympathetie nervous system­
mediated function) in patients with diabetie neuropathy. He demonstrated that distal 
abnormalities in sweating, occurred with equal frequency to abnormalities of heart rate 
variation. 

THE EVALUATION OF CARDIAC VAGAL FUNCTION 

The laboratory evaluation of vagal function in patients with autonomic failure 
inc1udes measures of heart rate variation at rest and in response to deep respiration, fol­
lowing a Valsalva maneuver, in response to postural change, and other physiological 
stimuli. These tests primarily provide an index of vagal cardiac (parasympathetic ner­
vous system) function (67) (see Table 3). 

The Heart Rate Response to Respiration The beat-to-beat variability of heart rate 
in response to respiration has been recognized since the mid-19th century. This vari­
ability, at normal respiratory rates, is predominantly mediated by the vagus nerve and is 
reduced or abolished by vagotomy and muscarinie blockade. The determinants of the 
respiratory fluctuations in heart rate inc1ude a stretch reflex from the lungs and thoracic 
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Table 3 
Tests Assessing Cardiac Vagal (Parasympathetic Nervous System) Function 

Time-domain measures of he art-rate variability (at rest and with deep respiration) 
High frequency he art-rate spectral power 
Heart-rate response to a Valsalva maneuver 
Heart-rate response to postural change 

Table 4 
Time-Oomain Measures of HRV with Respiration 

Maximum minus minimum HR difference 
Maximum minus minimum RR interval difference 
Maximum/minimum HR 
Maximum/minimum RR interval 
Standard deviation (SD) of RR intervals 
SO ofthe HR 
Histogram displays of RR intervals 
Coefficient of variation of heart rate 
Coefficient of variation of RR intervals 
MSSO (mean square successive difference) 
rMSSD (root mean square successive difference) 
MSD (mean successive difference) 
SOSD (SO of the successive differences in RR intervals) 
Histogram displays of RR interval differences 
Mean circular resultant 

wall, changes in cardiac filling, arterial baroreceptor responses to blood press ure 
changes, changes in baroreflex sensitivity with respiratory phase, and respiratory-center 
activity overflow to medullary vasomotor neurons. Wheeler and Watkins first sug­
gested that the amplitude of the beat-to-beat variation with respiration could be used as 
a c1inieal measure of autonomie nervous system function (12,13). In theensuing years 
additional measures have been proposed inc1uding the standard deviation of the R R 
interval (57), the mean square successive difference (MSSD) (68), the mean successive 
difference (MSD) (57), the expiratory-inspiratory ratio (E:I ratio) (13), and the mean 
circular resultant (69) (see Table 4). 

The mean circular resultant, adetermination based on vector analysis, has been pro­
posed as a method that is resistant to nonrespiratory sources of variability such as 
ectopic heart beats and slow trends in heart rate. In this method, RR intervals are 
recorded as time events plotted or wrapped on a circ1e with the periodicity of a single 
respiratory cyc1e. The distribution of the points on the circ1e is determined by vector 
analysis, giving a result in arbitrary units. Regular distribution of the events on the cir­
c1e would result in a small vector and denote reduced heart rate variability. In contrast, 
c1ustering of the events on the circ1e would result in a large vector and suggest normal 
heart-rate variability. Five minutes of carefully controlled respiration is required 
(69,70). Although this measure has not attained widespread use, it was the sole test of 
heart-rate variability with respiration in the DCCT study (71). 
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Gundersen and Neubauer, 1977 proposed that a measure based on successive differ­
ences in the RR intervals, i.e., the actual differences between adjacent RR intervals, 
would be more sensitive than the standard deviation to short-term fluctuations in heart 
rate. The mean square successive difference (MSSD) is the average of the square of the 
differences between successive beats (68), the rMSSD is its square root (72), the mean 
successive difference (MSD) (57) is the average of the differences between successive 
beats, whereas the SDSD is the standard deviation of the successive differences (21). 
Unlike the standard deviation of the RR intervals, these measures are dependent on the 
sequence of RR intervals. The measurements are theoretically robust against gradual 
trends in heart rate over time and are independent of mean heart rate (73) (although not 
in all studies) (74). They are, however, sensitive to ectopic beats such as PVCs, i.e., a 
short interval followed by a long compensatory pause (74). 

The variables that influence he art-rate variation in response to deep breathing include 
the subject's age, and the rate and depth of respiration. If these variables are controlled, 
the maximum he art-rate variation in response to deep breathing is a sensitive and spe­
cific index of autonomic function. This test is the best noninvasive test to assess cardiac 
vagal innervation. 

The Heart-Rate Response to a Valsalva Maneuver The Valsalva maneuver pro­
vides a measure of sympathetic, vagal, and baroreceptor function. The maneuver is typ­
ically performed by blowing through a mouthpiece connected to a mercury manometer 
for 15 or 20 s. The mercury column of the manometer is maintained at 40 mm. There 
should be a small air leak in the system to prevent closing of the glottis. The normal 
Valsalva maneuver has four phases. Phase 1 consists of a transient rise in arterial pres­
sure and an associated decrease in heart rate. In phase 2, during the expiratory phase of 
the maneuver, there is a gradual fall in blood pressure followed by a recovery. An 
increase in heart rate accompanies this phase. Phase 3 consists of a sudden brief fall 
in blood pressure with an accompanying increase in heart rate occurring with the cessa­
tion of straining. In phase 4, there is an increase in blood pressure above the resting 
value (the "overshoot") that is accompanied by a bradycardia. Phases 1 and 3 most 
likely reflect mechanical factors, whereas phases 2 and 4 are a consequence of sym­
pathetic, vagal, and baroreflex interactions (75-80) (see Fig. 1). 

The Valsalva ratio (the ratio between the tachycardia during the maneuver and the 
postmaneuver bradycardia), provides an index of cardiac vagal function (43,76,77,81). 
Variables that influence the Valsalva ratio include age (82) and the duration and magni­
tude of expiratory effort (78). In addition, when sympathetic outflow is deficient, 
parasympathetic activity cannot be adequately assessed because blood pressure during 
phase 4 does not increase and thus there is no stimulus to increase vagal activity (83). 

The Heart-Rate Response to Postural Change Analysis of the heart-rate response 
to postural change also provides a measure of sympathetic nervous system, parasympa­
thetic nervous system, and baroreceptor function. Active standing results in an abrupt 
increase in heart rate that peaks at approx 3 s followed by a more gradual increase that 
peaks at approx 12 s after standing. The initial increase in heart rate is mediated by the 
sudden inhibition of vagal tone, whereas the more gradual increase is caused by further 
vagal inhibition and increased sympathetic nervous system activity. The initial heart­
rate increase is most likely an "exercise reflex" evoked by muscle contraction, whereas 
reduced baroreceptor stimulation because of transient hypotension is responsible for the 
later increase in heart rate (84,85). The heart rate and blood pressure return to a new 
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Fig. 1. Anormal Valsalva maneuver. (A-B) Phase 1; (B-C) Phase 11; (C-D) Phase III; and (D-E): 
Phase IV. (HR indicates heart rate; bpm indicates beats per minute; MABP indicates mean arterial 
blood pressure, Exp. Pr. indicates expiratory pressure) (adapted with modifications from ref. 67). 

baseline after approx 30 s. The "30: 15 ratio" assesses this physiological response by 
measuring the ratio of the heart rate increase that occurs at approx 15 s after standing to 
the relative bradycardia that occurs at approx 30 s after standing (86,87). When cardio­
vagal function is deficient, the bradycardia does not occur. This ratio provides a mea­
sure of cardiac vagal function (84). 

Sundkvist et al. dissected the heart rate response to passive tilting by measuring the 
acceleration index (the shortest RR interval after standing minus the baseline RR inter­
val all divided by the baseline RR interval) and the brake index (the longest RR interval 
after standing minus the shortest RR interval all divided by the baseline RR interval). 
They suggested that the acceleration index provides a measure of baroreceptor-medi­
ated vagal withdrawal, whereas the brake index assesses the vagal response to the sym­
pathetic nervous system-mediated increase in peripheral resistance (88). Others have 
suggested that the RR intervallengthening does not occur after passive tilting (84,86). 

The Heart-Rate Response to Lying Down A related test measures the heart rate 
response to assuming the supine position. After lying down, there is a decrease in the 
RR interval that is maximal around the third or fourth beat that is followed by an 
increase in the RR interval value (greater than the resting value) at approx the 25th to 
30th beat. Autonomic blockade studies with atropine and propranolol have suggested 
that the initial RR interval shortening is mediated by the vagus nerve, whereas the latter 
lengthening of the RR interval is predominantly mediated by the sympathetic nervous 
system. The initial tachycardia is most likely a manifestation of the "exercise" or "mus­
cle-heart" reflex (89,90). 

The Heart-Rate Response to Squatting The cardiovascular response to squatting 
has been measured in a group of controls and diabetic subjects (91,92). In their test, pro­
tocol subjects stood still for 3 min, squatted for 1 min, and finally stood up during inspi­
ration. Squatting resulted in lengthening of the RR interval that is abolished by atropine, 
suggesting a vagal-mediated response, and the shortening of the RR interval that 
occurred after standing from a squatting position was attenuated by propranolol. A 
vagal ratio based on this test (the ratio between the RR interval mean before squatting 
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and the longest RR interval after squatting) was calculated that was outside the 99% 
confidence interval in 42% of diabetic patients and 1.3% of the control subjects. The 
test results showed an inverse correlation with age (91). 

The Heart-Rate Response to Apneic Facial Immersion The diving reflex, a reflex 
present in mammals, is provoked by facial cooling and consists of bradycardia, apnea, 
decreased cardiac output, and vasoconstriction (93). As a clinical test, the diving reflex 
can be induced by apneic facial immersion. This test assesses trigeminal-vagal-cardiac 
and trigeminal-sympathetic-vascular smooth muscle pathways and does not directly 
involve the baroreflex or its primary central connections (94). The test can also be per­
formed on uncooperative or unconscious patients (95). Some, however, have suggested 
that this test does not add significantly to other measures of autonomic function (96). 

Long-Term Measures ofHeart-Rate Variability Ewing et al. drew attention to the 
large, irregular, episodic changes in heart rate that occur in normal subjects. They quan­
tified these steps using a threshold value of a 50 ms difference from the preceding RR 
interval (NN50) and demonstrated a reduced number of these steps in diabetic subjects 
with autonomic neuropathy, some diabetic patients without autonomic neuropathy, and 
patients with cardiac transplants. The number of such steps or "RR counts" in normal 
subjects shows an inverse relationship with age and the steps show a significant 
increase during sleep (19,97). Twenty-four percent of diabetic subjects with normal car­
diovascular reflexes, had 24-h RR count results that were less than the lower 95% 
confidence limit for healthy controls related to age. Based on these results, the authors 
suggested that this method of heart-rate variability analysis is more sensitive than the 
conventional tests of cardiovascular reflexes (97). This measure and the related pNN50 
(the proportion of differences in consecutive normal RR intervals that are greater than 
50 ms) correlates with the rMSSD and power in the high frequency of the heart-rate 
power spectrum (>0.15 Hz) (72,98,99). 

EVALUATION OF ADRENERGIC FUNCTION 

The most frequently performed cardiovascular tests of sympathetic nervous system 
function are the blood-pressure response to postural change (active standing or passive 
tilting). The assumption of the upright posture results in a reflex increase in sympathetic 
and decrease in parasympathetic outflow. Measurements of the changes in blood pres­
sure and heart rate induced by active standing or passive tilt are an essential part of the 
laboratory and bedside evaluation of patients with suspected adrenergie failure. When 
severe autonomie failure is present, blood pressure and heart rate abnormalities are 
apparent after 5-10 min of head up tilt or active standing. Early or mild adrenergic fail­
ure may require a longer period of standing or duration of tilt (88,1 00,1 01). 

Sustained muscle contraction causes a rise in blood pressure and heart rate. Stimuli 
from exercising muscle and the central nervous system ("central command"), generate 
an increase in efferent sympathetic activity that increases cardiac output, blood pres­
sure, and heart. The blood-pressure and heart-rate changes induced by a sustained hand­
grip have been used as a clinical test of sympathetic function. The response to this test 
is subject to marked variability caused in part by diffieulty standardizing muscular 
effort (102). 

A direct measure of the hemodynamic response to the Valsalva maneuver can be 
made with a noninvasive beat-to-beat blood-pressure monitors such as the Finapres. 
The availability of these noninvasive blood-pressure measurements permits the deter­
mination of the role played by the sympathetic nervous system in the physiological 
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Table 5 
Tests Assessing Cardiovascular Adrenergic (Sympathetic 

Nervous System) Function 

Blood-pressure response to standing 
Blood-pressure response to upright tilt 
Blood-pressure response to the Valsalva maneuver 
Blood-pressure response to isometrie exereise 
Blood-pressure response to mental stress 
Cold pressor test 
Low frequeney heart-rate and blood pressure speetral power 

Freeman 

responses to this maneuver. There is a fall in blood pressure during phase 2 and an 
increase in blood pressure during phase 4 of the Valsalva maneuver. The measurement 
of these blood pressure changes during phase 2 and phase 4 of the Valsalva maneuver 
provides a measure of vasomotor adrenergic function. Indices of abnormality include a 
fall in blood pressure during phase 2 of <20 mmHg, failure of BP in phase 2 to stabilize 
or return to baseline and the absence of the "overshoot" of blood pressure in phase 4 
(103) (see Fig. 1). 

The blood-pressure response to cold water immersion (104) and mental stress tests 
( 105) are less frequently performed tests of adrenergic function. These tests have lower 
sensitivity and specificity (see Table 5). 

POWER SPECTRAL ANALYSIS 

Power spectral analysis provides a useful noninvasive technique for analyzing the 
autonomie mechanisms that control heart rate. The increasing availability of microcom­
puters and the ensuing ease with which digital signals can be processed has been largely 
responsible for the recent emergence of measures of autonomie function in the fre­
quency domain (106,107). Spectral analysis reduces a signal to the sum of its compo­
nent sine waves of different amplitudes and frequencies. The power spectrum displays 
the squared amplitude of these sine waves as a function of frequency, thus expressing 
the variance as a function of frequency. Heart-rate fluctuations, whieh reflect modu­
lation of sinus node activity by autonomie and other homeostatic mechanisms, can 
be quantified and displayed using this technique. 

Spectral analysis of the resting heart rate commonly produces several prominent 
peaks. A number of animal and human experiments with pharmacological blockade of 
the autonomie nervous system have shown that the sympathetic and parasympathetic 
nervous systems mediate he art-rate fluctuations in different frequency bands. The peak 
found at the highest frequency (>0.15 Hz) reflects oscillations of heart rate that occur 
with respiration-the respiratory sinus arrhythmia. Quantification of these oscillations 
provides a measure of the response of the sinus node to fluctuations in vagal-nerve 
activity at the respiratory frequency and is reduced by parasympathetic pharmacological 
blockade. Oscillations in heart rate at frequencies less than 0.15 Hz are mediated by 
both the vagus and the cardiac sympathetic nerves. Spectral power within the 0.05-0.15 
Hz frequency band may represents baroreceptor feedback activity, whereas the spectral 
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power at less than 0.05 Hz may reflect both cardiac autonomie input as weIl as the influ­
ence of circulating neurohumoral factors. In normal subjects, the move from the supine 
to upright position produces a shift in the power spectrum from high to low frequencies 
(see Fig. 2A). This shift in spectral power, induced by a postural change, is reduced by 
beta-adrenergie-receptor blockade and may provide an index of sympathetic activity. In 
diabetic patients, quantification of autonomie function using indices derived from the 
power spectrum also correlates with the results of standard time domain tests of auto­
nomie function (107). Power spectral analysis may thus provide a measure ofboth sym­
pathetie and parasympathetic nervous system function that requires minimal patient 
cooperation (108,109). There is a progressive decline in low- and high-frequency power 
with progression of diabetic autonomie neuropathy (107,110) (see Fig. 2A-C). Some 
authors have suggested that measures derived from the heart-rate power spectrum pro­
vide a more sensitive measure of diabetic autonomie neuropathy (111,112). 

URINARY SYSTEM 

Clinical Features 
Symptoms ofbladder dysfunction have been observed in 37-50% of diabetie patients 

and there is physiologie evidence of bladder dysfunction in 43-87% of insulin-depen­
dent diabetic patients (113-115). Bladder symptoms associated with autonomie neu­
ropathy include hesitancy, poor stream, increased intervals between micturition, and a 
sense of inadequate bladder emptying. These symptoms may be followed by urinary 
retention and overflow incontinence (113,116,117). 

The bladder wall is comprised of three layers of interdigitating smooth muscle (the 
detrusor muscle) and serves as a receptacle for the storage and appropriate evacuation of 
urine. The detrusor muscle forms the internal sphincter at the junction of the bladder 
neck and urethra. This sphincter is not anatomically discrete and functions as a physio­
logieal sphincter. Afferent fibers mediating bladder sensation and reflex bladder con­
traction are carried by sympathetie, parasympathetic, and somatie nerves to the spinal 
cord (118). Detrusor-muscle sensory abnormalities are the earliest bladder autonomie 
abnormality to occur, producing impaired bladder sensation and increasing the thresh­
old for initiating the mieturition reflex. This results in an asymptomatie increase in blad­
der capacity and retention. 

The parasympathetie nerves that originate in the intermediolateral column of the 2nd, 
3rd, and 4th sacral segments of the spinal cord provide the major excitatory input to the 
urinary bladder. Activation of these muscarinic, cholinergie, postganglionic pelvie 
nerves produces detrusor muscle contraction. When the function of these efferent 
parasympathetic fibers to the detrusor muscle is impaired, symptoms such as incom­
plete voiding, hesitancy in micturition, weak stream, and dribbling ensue. A decrease in 
detrusor activity (detrusor areflexia) follows that leads to incomplete bladder emptying, 
an increased postvoid residual, decreased peak urinary flow rate, bladder overdisten­
sion, and urinary retention. Finally, overflow incontinence occurs because of denerva­
tion of the external sphincter (innervated by the somatie pudendal nerve) and internal 
sphincter (innervated by the sympathetic hypogastric nerves) in combination with uri­
nary retention (114,116). These changes predispose to the development of urinary tract 
infections including pyelonephritis that may accelerate or exacerbate renal failure 
(119,120). 
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Fig. 2. (A) The heart-rate tachogram and power spectrum of a control subject. (bpm indicates beats 
per minute). (B) The heart-rate tachogram and power spectrum of a diabetic subject with moderate 
autonomic neuropathy (bpm indicates beats per minute). (C) The heart-rate tachogram and power 
spectrum of a diabetic subject with severe autonomie neuropathy. Note the lower y-axis scale of the 
heart rate power spectrum (bpm indicates beats per minute). (Adapted from ref.l07.) 
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Laboratory Testing 
The urologieal evaluation of diabetie patients with autonomic dysfunction includes 

the measurement of residual urinary volume, the excretory urogram (iv pyelogram), the 
cystometrogram, the voiding cystourethrogram, uroflometry, and electromyography of 
the periurethral striated muscle. The simplest yet most important of these investigations, 
the measurement of residual urinary volume, entails only transurethral catheterization 
immediately after mieturition. This provides a measure of bladder evacuation and can 
also gage the effectiveness of any therapeutie interventions. The cystometrogram docu­
ments intravesical compliance, capacity, sensation, and the presence of detrusor con­
tractions as the bladder is progressively distended, usually by a transurethral water or 
carbon dioxide infusion. The perception of bladder filling occurs at approx 100-200 
mL, and patients normally feel a strong desire to void at 400-500 mL. Patients with 
detrusor hyperreflexia caused by upper motor-neuron disease display uninhibited blad­
der contractions at volumes considerably lower than this. In contrast, the large-capacity 
atonic bladder produced by lower motor-neuron disease, as is usually the case in 
patients with diabetic autonomic neuropathy, show no increase in intravesical pressure 
despite the introduction of large volumes of fluid. The coordination of bladder contrac­
tion and sphincter relaxation can be determined by carrying out simultaneous sphincter 
electromyography. The voiding cystourethrogram is a radiologie study that provides 
structural and dynamic measures of bladder function. The patient is requested to void 
after the introduction of contrast material. Radiography carried out during micturition 
displays bladder size and shape, sphincter function, and urinary flow (114,116). 

Treatment 
The goal of treatment is to improve bladder emptying and includes the institution of 

regular voiding patterns, the Crede maneuver and clean intermittent self-catheterization. 
Pharmacotherapeutie agents include the cholinergie agonists such as bethanechol and 
carbachol, which stimulate the muscarinic, postganglionie receptors and result in 
enhanced bladder contractility (121). Bethanechol chloride is a parasympathomimetic 
drug with relatively selective action at the urinary bladder. Typieal oral doses range 
from 25-100 mg four times daily. The cholinergie agonist, carbachol chloride, whieh 
may have additional ganglion stimulating properties, also enhances bladder motility 
(121). Under very rare circumstances, bladder neck surgery may be necessary (113). 

THE GENITAL SYSTEM 

Clinical Features 
Erectile dysfunction is a frequent and disturbing symptom in male diabetic patients. 

Reported incidence has ranged from 30-75% (122-125). Impotence may be the earliest 
symptom of diabetie autonomic neuropathy although sensory, vascular, hormonal, and 
psychogenic etiologies, alone or in combination, may also be implicated. A significant 
proportion of diabetie patients, presenting with impotence alone, will develop other 
autonomic symptoms and abnormalities on autonomic testing when studied prospec­
tively (60). 

Cholinergic and noncholinergic nonadrenergie neurotransmitters mediate erectile 
function by relaxing the smooth muscle of the corpus cavernosum (126-129). Nitric 
oxide is an important mediator of noncholinergic nonadrenergic corpus cavernosum 
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relaxation (130). In vivo studies of isolated corpus cavemosum tissue from diabetie men 
have demonstrated functional impairment in autonomie and endothelial-dependent 
relaxation of corpus cavemosum smooth musc1e (128). Endothelial-independent relax­
ation of cavemosal tissue is maintained with administration of the vasodilators such as 
papaverine and sodium nitroprusside (128). Impotence caused by autonomie neuropa­
thy progresses gradually but is usually permanent 2 yr after onset. Sympathetieally 
mediated ejaculatory failure may precede the appearance of impotence, although impo­
tence can occur with retained ability to ejaculate and experience orgasm. Retrograde 
ejaculation will occur if the bladder neck fails to c1ose. This function is also controlled 
by the sympathetic nervous system (126,127). There are few studies of genital auto­
nomie neuropathy in female diabetie patients (131). 

Laboratory Evaluation 
Erectile function is measured by evaluating noctumal penile tumescence and rigidity 

(132) or with circumferential penile expansion measures (133,134). Other endocrine 
causes of erectile dysfunction should be exc1uded by measuring serum testosterone and 
prolactin. Vascular function is determined with penile Doppler ultrasonography of the 
penile circulation (135) and penile blood-pressure measures (136). Neurophysiological 
studies frequently used to evaluate erectile function inc1ude nerve conduction studies of 
the dorsal nerve of the penis (137) and bulbocavemosus reflex latency measurement 
(138). The bulbocavemosus reflex latency, which is predominantly a measure of 
large fiber function, is not a sensitive or specifie test for neuro genie impotence. 
Pudendal-evoked potentials may be helpful in evaluating erectile function in males 
with myelopathy. 

Treatment 
Medications influencing autonomie function such as psychotropic and antihyperten­

sive agents should be discontinued. Therapy for this erectile failure entails the use of 
mechanical deviees such as the vacuum erection device (139) or the auto-injection of 
vasoactive substances (papaverine, phentolamine, and prostaglandin EI) into the corpus 
cavemosum (140-144). The vasoactive agents simulate the natural erectile process by 
relaxing the arterial and trabecular smooth musc1e, which increases the flow of blood 
into the sinusoidal spaces of the corpora cavemosum. The resulting corporeal engorge­
ment produces veno-occ1usion by compression of the subtunical emissary veins against 
the tunica albuginea. Prostaglandin EI, its synthetic analog alprostadil, and papaverine 
are direct smooth-musc1e relaxants, whereas phentolamine is an alpha-adrenoreceptor 
antagonist. Pain, priapism, prolonged erection, penile hematomas, and fibrosis are the 
most frequent side effects of injection therapy. Severe arterial disease and venous leak­
age are the most common causes of treatment failure. Penile prosthetic implants may be 
used if auto-injection or the vacuum erection device fails or is not tolerated by the 
patient (145). Arecent study has demonstrated that the synthetic prostaglandin EI ana­
log, alprostadil, can be successfully delivered transurethrally, resulting in an erection 
sufficient for intercourse (146). 

GASTROINTESTINAL SYSTEM 

Autonomie dysfunction occurs throughout the gastrointestinal tract, producing sev­
eral specific clinical syndromes. Gastrointestinal autonomie neuropathy results in disor-
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dered gastrointestinal motility, secretion, and absorption. Up to 76% of unselected dia­
betic patients are reported to acknowledge gastrointestinal symptoms (147,148). 

The autonomic control of the gastrointestinal tract is mediated by the extrinsic 
parasympathetic and sympathetic nervous systems and the intrinsic enteric nervous 
system. The parasympathetic input to the gut originates from the vagus and pelvic 
nerves from the second through fourth sacral segments. The postsynaptic cholinergic 
neurons provide excitatory input to the gastrointestinal tract. The sympathetic nervous 
system provides inhibitory input to the gastrointestinal tract. Extrinsic sympathetic 
efferents arising in the intermediolateral gray column synapse in the celiac, superior, 
and inferior mesenteric ganglia, and ramify throughout the gastrointestinal tract in the 
distribution of their respective arterial trunks. The upper gastrointestinal tract is inner­
vated by the greater splanchnic nerve, which synapses in the celiac ganglion and travels 
with the celiac artery; the small intestine (midgut) is innervated by the lesser splanchnic 
nerve, which synapses in the superior mesenteric ganglion and travels with the superior 
mesenteric artery; and the large intestine is innervated by the lumbar splanchnic nerve, 
which synapses in the inferior mesenteric ganglion and travels with the inferior mesen­
teric ganglion (149-151). 

The enteric nervous system is comprised of a myenteric plexus located between the 
inner-circular and outer-longitudinal smooth-musc1e layers (Auerbach's plexus) and a 
submucosal plexus (Meissner's plexus). At least five types of intrinsic enteric neurons 
have been identified, and any individual neuron may contain multiple neuropeptides 
(150). Motor excitation is mediated by the cholinergic substance P neurons and inhibi­
tion is mediated by the dynorphin-vasoactive intestinal polypeptide neurons. Even 
in the absence of extrinsic autonomic nervous system influences, the enteric nervous 
system govems basic gut functions (150). 

Gastroparesis 
CLINICAL FEATURES 

Gastric emptying is delayed in 30-50% of both type I and type 11 diabetic patients 
(152,153). The term gastroparesis diabeticorum was first introduced by Kassander to 
describe the altered gastrointestinal motility in diabetic patients (154). Food residue is 
retained in the stomach because of absent or decreased gastric peristaisis compounded 
by lower intestinal dysmotility (155). Diabetic gastroparesis may manifest as nausea, 
postprandial vomiting, bloating, abdominal distension and pain, belching, loss of 
appetite, and early satiety. Many patients, however, are asymptomatic despite impaired 
gastric motility (153). A gastric splash may be elicited on c1inical examination. Gastro­
paresis is also associated with the development of bezoars (156) and bacterial over­
growth of stomach and small intestine, esophagitis, gastric ulcers, and gastritis (157). 
Gastroparesis may impair the establishment of adequate glycemic control by mismatch­
ing plasma glucose and insulin levels. The absorption of orally administered drugs may 
also be affected (154,158). 

Impaired gastric emptying is frequently associated with cardiovagal neuropathy and 
small-fiber dysfunction (159). Morphological changes in the vagus nerve are reported in 
some (160,161), but not all studies (162). Recent studies have implicated hyper­
glycemia as a cause of impaired gastric and small intestinal motility during fasting and 
after food intake. Hyperglycemia delays gastric emptying in healthy and diabetic sub­
jects (163-166). 
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LABORATORY EVALUATION 

Scintigraphic studies with radionuclide markers provide the most useful measures of 
gastric motility. Because a difference between the emptying rates of liquids and solids 
may be observed, both solid and liquid components of a meal should be evaluated. 
Other diagnostic investigations to study gastric motility include upper gastrointestinal 
X-rays, ultrasound, gastroscopy, intraluminal pressure manometry, and recordings of 
gastric electrical activity using surface electrodes (electrogastrography) (64,167-170). 

TREATMENT 

Frequent small meals and pharmacotherapy are standard treatments for this disorder. 
Metoclopramide (5-20 mg orally, 30 min before meals and at bedtime) accelerates gas­
tric emptying, and has a central antiemetic action (171-173). This agent is a dopamine 
antagonist and also may release acetylcholine from intramural cholinergic neurons or 
directly stimulate antral muscle (174). Bethanechol may be used in combination with 
metoclopramide or in cases of metoclopramide resistance (147,175). Domperidone 
(10-20 mg four times a day), a peripheral D2 receptor antidopaminergic agent 
(176,177) and cisapride (10 mg four times a day), a cholinomimetic agent that increases 
gastrointestinal motility by enhancing release of acetylcholine from neurons of the 
myenteric plexus may also be of benefit (178). Infusions of motilin in diabetic patients 
with gastroparesis result in acce1erated gastric emptying, but therapeutic use of the 
agent is limited by its need for iv administration and by its short half life (179). Ery­
thromycin and related macrolide compounds exhibit strong in vitro affinity for motilin 
receptors, and may have motilin-agonist properties (180,181). Intravenous and oral ery­
thromycin (250 mg three times a day) improve gastric-emptying time in diabetic 
patients with gastroparesis (182). 

Diabetic Diarrhea 

CLINICAL FEATURES 

Diarrhea and other lower gastrointestinal tract symptoms may also occur. Diabetic 
diarrhea manifests as a profuse, watery, typically nocturnal diarrhea that can last for 
hours or days and frequently alternates with constipation (183). Abdominal discomfort 
is commonly associated. The pathogenesis of diabetic diarrhea includes reduced gas­
trointestinal motility (184), abnormalities in gut transit time (185,186), reduced alpha-2 
adrenergic receptor-mediated fluid absorption (187), bacterial overgrowth (188), pan­
creatic insufficiency, coexistent celiac disease (189), and abnormalities in bile-salt 
metabolism (190). Fecal incontinence, because of anal-sphincter incompetence or 
reduced rectal sensation is another manifestation of diabetic intestinal neuropathy 
(187,191). Incontinence is often exacerbated by diarrhea. 

TREATMENT 

The treatment of diabetic diarrhea includes symptomatic treatment with loperamide, 
diphenoxylate, or codeine phosphate. Possible bacterial overgrowth is treated with 
antibiotics such as tetracycline or metronidazole (192). Cholestyramine (4-12 g/d) may 
be used to treat bile-acid malabsorption and the alpha-2 agonist, clonidine, (0.1--0.5 mg 
twice daily) improves the reduced alpha-2 adrenoreceptor-mediated intestinal absorp­
tion (187). The somatostatin analog, octreotide, (50-75 j.Lg twice daily subcutaneously) 
reverses diarrhea by decreasing fluid secretion and suppressing prokinetic hormone 
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release (193). Fecal incontinence may be improved by the diarrhea treatment and by 
biofeedback techniques to improve rectal sensation (191). 

Constipation 
Constipation is the most frequently reported gastrointestinal autonomie symptom and 

is found in up to 60% of diabetic patients (147). The pathophysiology of diabetic con­
stipation is poorly understood, but may reflect intestinal denervation and loss of the 
postprandial gastrocolic reflex (148). Diabetic patients with severe constipation have no 
postprandial increase in colonic smooth-musc1e activity, although the ability to respond 
to exogenous neostigmine and metoc1opramide is retained (194,1 95). Therapeutic inter­
ventions inc1ude increasing dietary fiber and stool softeners, in combination with proki­
netie agents such as metoc1opramide, bethanechol, and cisapride (147,194,195). 

Esophagus and GaU Bladder 
Esophageal motility abnormalities and reduced lower esophageal-sphincter pressures 

have also been demonstrated. Although usually asymptomatic, these abnormalities may 
result in symptoms such as dyspepsia, dysphagia, and an increased predisposition to 
esophageal ulceration (196). These symptoms may be relieved by metoc1opramide, 
domperidone, and other prokinetic agents (197). 

Impaired muscular contraction and enlargement of the gallbladder have been 
described in patients with diabetic autonomie dysfunction resulting in decreased gall­
bladder emptying. This may be responsible for the observed increased incidence of cho­
lesterol gallstones in diabetie patients (198). 

THEPUPIL 

Pupillary manifestations of diabetic autonomie neuropathy inc1ude miosis, impaired 
light reflexes, and decreased hippus (the fluctuations in pupil diameter that occur during 
continuing illumination). Some diabetic patients demonstrate corectopia (oval pupils) 
(199). Quantitative assessment ofpupillary function can be obtained with infrared tele­
vision pupillometry (63,200), Polaroid photography (201), and pharmacologieal testing 
(202,203). 

The dark-adapted pupil diameter or area, an index of sympathetie innervation of the 
dilator pupillae, is reduced in diabetie subjects (63,204). The sensitivity of this test may 
be improved by parasympathetie blockade (204). Because the pupil size decreases with 
advancing age, age-based norms are required for this measure. The amplitude of the 
light reflex also is reduced in diabetie patients, partieularly those with small pupils (less 
than 6 mm) (63). Abnormalities have also been demonstrated in the latency, con­
striction velocity , and dilation velocity of the light reflex (11,63,204). The velocity of 
redilation in the latter part of the redilation curve of the light reflex also may provide a 
measure of sympathetic function. This measure, in contrast to the latency and con­
strietion velocity, may be independent of the light-reflex amplitude reduction (63). 
Abnormalities in the pupillary light-reflex latency, which is predominantly a measure of 
parasympathetic nervous system pupillomotor function, occur more frequently than 
abnormalities in the sympathetic nervous system-mediated dark-adapted pupil diameter 
(205). Abnormalities are present within 2 yr of the diagnosis of diabetes in both insulin­
and non-insulin-dependent diabetes mellitus (11). 



198 Freeman 

The oseillations of the pupil, indueed by foeusing a narrow beam of light from a slit 
lamp on the pupillary margin, may provide an index of parasympathetie pupillomotor 
funetion. The pupil-eyc1e time, a measure of these oseillations, was prolonged in a large 
proportion of patients with autonomie neuropathy (206). Diabetie patients may display 
enhaneed mydriasis to direet sympathomimetie agents that is eonsistent with denervation 
supersensitivity. The response to hydroxyamphetamine instillation is normal, suggesting 
that the major pathology is not in the postganglionie neuron (63). Parasympathetie den­
ervation supersensitivity has also been demonstrated. These indices of pupillary funetion 
eorrelate with eardiovaseular autonomie dysfunetion (63,207), small-nerve fiber fune­
tion (195), somatie peripheral neuropathy (199), and disease duration (208). 

SUDOMOTOR SYSTEM 

Clinical Features and Treatment 
Sudomotor dysfunetion is a eommon feature of diabetie autonomie neuropathy. This 

generally manifests as anhidrosis of the extremities, whieh may be aeeompanied by 
hyperhidrosis in the trunk (209). Rundies et al. demonstrated an 85% prevalenee of 
thermoregulatory sweating abnormalities in diabetie patients (210). Fealey et al. 
observed a 92% rate of sweat abnormality in patients with diabetie neuropathy and 
eharaeterized the different thermoregulatory sweat patterns. Most patients (65%) exhib­
ited a distal distribution of hypohidrosis and anhidrosis (211). Initially, patients dis­
played a loss of thermoregulatory sweating in a glove and stoeking distribution 
(209-212), whieh, with progression of autonomie neuropathy, extended from the lower 
to the upper extremities and to the anterior abdomen, eonforming to the well-reeognized 
length dependeney of diabetie neuropathy. This proeess ultimately resulted in aglobai 
anhidrosis that usually aeeompanied a profound generalized autonomie neuropathy. 
Kennedy et al. doeumented a deerease in the number of aetive sweat glands and a low 
sweat rate per unit area of skin (213). Foeal areas of anhidrosis may aeeompany diabetie 
truneal neuropathy and other mononeuropathies (211). Histologieal studies suggest that 
the sudomotor dysfunetion is eaused by degeneration of postganglionie unmyelinated 
sudomotor axons (214). 

Diabetie anhidrosis is assoeiated with other defieits of autonomie funetion inc1uding 
orthostatie hypotension, eardiae vagal abnormalities, and absence of sympathetie aeti­
vation on mieroneurographie studies (215-217). A deerease in pain pereeption fre­
quently aeeompanies loss of distal sweating (218). There is no treatment for diabetie 
anhidrosis. Hyperhidrosis mayaiso aeeompany diabetie autonomie neuropathy. Exees­
sive sweating may occur as a compensatory phenomenon involving proximal regions 
such as the head and trunk that are spared in a dying-baek neuropathy. Alternately, dis­
tal hyperhidrosis may oeeur oeeasionally, partieularly early in the course of a distal 
autonomie neuropathy. This phenomenon is most likely eaused by spontaneous firing of 
injured neurons. 

Gustatory sweating, the abnormal production of sweat that appears over the face, 
head, neck, shoulders, and ehest after eating even nonspiey foods, is oeeasionally 
observed (219). In eontrast to truneal hyperhidrosis, whieh does not oeeur in response to 
eating, gustatory hyperhidrosis is not likely to be a eompensatory response to anhidrosis 
(220). This poody understood, soeially embarrassing phenomenon may be treated with 
antieholinergie agents such as trihexyphenidyl, probanthine, or seopolamine. High 
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Table 6 
Tests Assessing Sudomotor Function 

The thermoregulatory sweat test 
The quantitative sudomotor axon reflex test 
Skin potentials 
The sweat imprint 
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doses of these agents are usually required and therapy is usually limited by other anti­
cholinergic side effects, such as dry mouth, urinary retention, and constipation. 

Laboratory Evaluation 
Testing of the eccrine sweat glands has provided a useful means of assessing and 

localizing sympathetic nervous system function in patients with autonomie failure. 
Thermoregulatory sweat testing assesses both central and peripheral aspects of the 
efferent sympathetic nervous system, from the hypothalamus to the sweat glands, but is 
not able to differentiate between pre- and postganglionic causes of anhidrosis. Postgan­
glionie sudomotor function can be determined by measuring sweat output after ion­
tophoresis or intradermal injection of cholinergic agonists such as pilocarpine, nicotine, 
or methacholine. These agents either stimulate sweat glands direcdy (213) or effect a 
neighboring population of sweat glands via an axonal reflex (216). The site of alesion 
can be established when the thermoregulatory sweat test is combined with a test mea­
suring postganglionic sudomotor function. For example, an abnormal thermoregulatory 
sweat test with normal postganglionic function indicates a preganglionic cause of 
anhidrosis, whereas an abnormal thermoregulatory sweat test with abnormal postgan­
glionic function indicates a postganglionic cause of anhidrosis. Skin potential record­
ings measuring skin conductance, skin resistance, or the sympathetic skin potential 
provide an alternate measure of sudomotor function (see Table 6). 

Thermoregulatory Sweat Test 
Thermoregulatory sweating can be tested by raising the body temperature with an 

external heating source. An increase in oral temperature of l°e is sufficient to induce 
generalized sweating. This test evaluates the distribution of sweating by measuring the 
change in color of an indicator powder such as iodine with stareh, quinizarin (221,222), 
or alizarin-red (211) in response to a rise in core body temperature. Test results may be 
expressed semiquantitatively as the percentage ofbody anhidrosis. The test is well-stan­
dardized and hypohidrosis and anhidrosis in patients with autonomie failure have been 
documented using this technique by many investigators. 

The Quantitative Sudomotor Axon Reflex Test 
The quantitative sudomotor axon reflex test (QSART) provides a quantitative mea­

sure of postganglionic sudomotor function. The sudomotor response measured by the 
QSART is mediated by an "axon-reflex" that is elicited by iontophoresis of a choliner­
gic agonist. To evaluate the distribution of postganglionic sudomotor deficits, record­
ings are made from the forearm and lower extremity skin sites (216). 
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The Sweat Imprint 
A sweat imprint is formed by the seeretion of aetive sweat glands into a plastie or sil­

icone mold in response to iontophoresis of a eholinergie agonist. This test ean be used to 
determine sweat-gland density, sweat-droplet size, and sweat volume per area (213). 

Skin Potentials 
Eleetrodermal aetivity is generated by the sweat glands and overlying epidermis and 

mediated by supraspinal sites. This response, which oeeurs spontaneously and ean be 
evoked by stimuli sueh as respiration, startle, and mental stress is referred to as the sym­
pathetic skin response or the peripheral autonomie surfaee potential. The sympathetie 
skin response ean be measured with surfaee eleetrodes eonneeted to a standard EMG 
instrument. The aetive reeording eleetrode is plaeed on the palmar or plantar surfaee 
and the indifferent eleetrode on the volar surfaee. The response habituates with repeated 
stimuli and is subjeet to marked variability. Habituation may be minimized by deliver­
ing stimuli at irregular intervals. Coneordanee between the sympathetic skin response 
and sudomotor funetion has been shown in some but not all studies (223,224). 
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INTRODUCTION 

Diabetes mellitus is assoeiated with a high incidenee of eardiovaseular eomplieations 
and has been identified as an independent risk faetor for the development of eoronary 
artery disease (1,2). Onee the diagnosis of eoronary disease is established, patients with 
diabetes have higher eomplieation rates and higher mortality than their nondiabetic 
counterparts (3,4). Overall, diabetes inereases the relative risk of eardiovaseular death 
threefold in males regardless of the presenee of other traditional risk faetors, with an 
even more pronouneed effeet in diabetie females (5,6). 

There are many proposed meehanisms responsible for the poor eardiovaseular out­
eome of patients with diabetes including an altered lipid profile leading to more aggres­
sive and extensive atherosclerosis, as weH as ehanges in eoagulation and fibrinolysis 
parameters resulting in aeeentuated thrombosis. Reeently, the potential eontribution of 
autonomie dysfunetion to the poor outeome of diabetie patients has generated interest, 
sinee autonomie neuropathy is a frequent eomplieation of diabetes. An intaet autonomie 
nervous system is neeessary for the maintenanee of numerous organ systems and abnor-
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Table 1 
Disorders of Autonomie Funetion 

Primary 
Shy-Drager syndrome (multiple-system atrophy or MSA) 
Primary autonomie failure (P AF) (idiopathie) 
Progressive autonomie failure associated with Parkinson's disease 
Sympathotonie orthostatie hypotension 

Secondary 
Spinal eord lesions 

Deliargyris and Nesto 

Polyneuropathy: diabetes, amyloidosis, ehronie renal and hepatie failure 
Autoimmune disorders: Guillain-Barre syndrome, myasthenia gravis, dysautonomia 

(aeute and subaeute), rheumatoid arthritis, multiple sclerosis, systemie lupus erythema­
tosus 

Metabolie disorders: porphyria, Tangier disease, Fabry disease, vitamin B12 defieieney 
Neoplasms: eareinomatous autonomie neuropathy, tumors involving the hypothalamus 

or midbrain 
Infeetions of the nervous system: neurosyphilis, Chagas disease 
Familial disorders: dysautonomia, hyperbradykinism 
Drugs: neurolepties (tranquilizers, antidepressants), eardiovaseular agents (prazosin, 

hydralazine, a-methyldopa, clonidine, phenoxybenzamine, hexamethonium) 
Neurotoxins: aleohol, botulism, heavy metals, vineristine 

malities of the parasympathetie and sympathetie systems may lead to signifieant eardio­
vaseular morbidity and mortality. 

DEFINITION AND PREVALENCE 
OF CARDIOVASCULARAUTONOMIC NEUROPATHY 

Cardiovaseular autonomie neuropathy (CAN) may be a feature of any syndrome that 
affeets the autonomie nervous system. Table 1 lists the syndromes associated with auto­
nomie dysfunetion and separates them into primary or seeondary eauses. Diabetes is by 
far the leading eause of seeondary autonomie neuropathy, whieh ean affeet a variety of 
organ systems and eause a wide array of symptoms (Table 2). Cardiovaseular manifes­
tations inc1ude resting taehyeardia, impaired exercise eapaeity, and orthostatie hypo­
tension. Either c1inieal symptoms or abnormal eardiovaseular reflex testing sueh as 
inadequate heart rate and blood pressure responses to various stimuli are suffieient for 
the diagnosis of autonomie neuropathy. 

Autonomie funetion dec1ines with age in healthy subjeets, as is evident by a deerease 
in heart-rate variability and a higher incidenee of postural hypotension in the elderly 
(Fig. 1). The presenee of diabetes greatly aeeelerates this proeess (8). It is estimated that 
one fourth of patients with type I diabetes and one third of the patients with type 11 dia­
betes have abnormal autonomie funetion (9,10,12,21). In some of these patients, auto­
nomie dysfunetion is present as early as at the time of initial diagnosis of diabetes. 
Furthermore, in a prospeetive study of newly diagnosed non-insulin dependent diabetie 
patients and healthy eontrols, diabetie patients had a threefold inerease in their ehanee 
of developing autonomie neuropathy at 10-yr follow-up (11). It is not c1ear whieh dia­
betie patients will develop autonomie neuropathy, as reports examining the relation of 
the duration and/or severity of diabetes to ANS dysfunetion have yielded eonflieting 
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Systems Involved 

Cardiovascular 

Eye 
Gastrointestinal 

Genitourinary 

Sudomotor 
Endocrine 

Table 2 
Clinical Manifestations of Autonomie Neuropathy 

Manifestations 

Resting tachycardia, impaired exercise-induced cardiovascular 
responses, cardiac denervation, orthostatie hypotension, heat intoler­
ance, impaired vasodilation, impaired venarteriolar reflex dependent 
edema) 

Decreased diameter of dark -adapted pupil (dark -adapted miosis) 
Esophageal enteropathy, gallbladder atony, impaired gastric and colonie 

motility (gastroparesis, diarrhea, constipation), anorectal sphincter 
dysfunction (incontinence) 

Neurogenic vesical dysfunction (decreased bladder sensitivity/incon­
tinence/retention), sexual dysfunction (male, penile erectile failure 
and retrograde ejaculation; female, defective lubrication) 

Anhidrosislhyperhidrosis (heat intolerance), gustatory sweating 
Hypoglycemia-associated autonomie failure 

results. One interesting report however by Barzilay et al. has shown a strong association 
between the HLA-DR3/4 phenotype and the development of cardiovascular autonomie 
neuropathy in patients with type I diabetes, raising the possibility of genetic predisposi­
tion (14). 

PATHOPHYSIOLOGY AND NATURAL HISTORY 
OF CARDIOVASCULAR AUTONOMIC NEUROPATHY 

Autonomie neuropathy is caused by the same mechanisms that are responsible for the 
development of peripheral somatic neuropathy (13). The progressive neuronal degener­
ation and dysfunction is aglobai process and affects alllimbs of the nervous system. 
Such diffuse involvement has been demonstrated in studies showing that peripheral 
somatie neuropathy and autonomie neuropathy coexist in 90% of cases of diabetic 
neuropathy (23). 

In regard to cardiovascular autonomie neuropathy, this progressive neuronal degen­
eration can lead to marked autonomie denervation of the heart and the arterial system. 
The initial observation of the association between diabetes and cardiac autonomie den­
ervation was based on autopsy reports of patients who died as a result of elinically silent 
myocardial infarctions. The myocardium of these long-standing diabetic patients was 
found to be greatly depleted of catecholamine stores. This adrenergic depletion was 
thought to be at least in part responsible for the inability of these patients to sense 
myocardial ischemia (24). Modem imaging techniques that can assess myocardial cate­
cholamine stores in live patients have also demonstrated a elose correlation between 
abnormal autonomic innervation and inability to sense myocardial ischemia. 

Evidence of deficient parasympathetic innervation is usually the initial finding dur­
ing autonomie testing. An increase in resting heart rates suggests decreased vagal input 
to the sinus node. Gradual decline in resting heart rates and finally the appearance of a 
fixed heart rate indicate progressively decreasing adrenergie input and sympathetic 
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Fig.1. Age-related dec1ine in the Valsalva ratio in normal subjects and 90 and 95% confindence lim­
its. (From O'Brien et al., with permission, ref. 8). 

involvement (15). The "indifferenee" of heart rate in response to physiologie stimuli 
seen in many long-term diabetie patients closely resembles the effeet of autonomie den­
ervation in eardiae transplant recipients. Postural hypotension, a marker of signifieant 
sympathetie dysfunetion, usually appears later than heart-rate abnormalities. Although 
the exaet time course is not clear, evidenee of sympathetie involvement is usually pre­
sent within 5 yr of the development of parasympathetie dysfunetion. 

An intaet autonomie nervous system is responsible for maintenanee of eardiovaseu­
lar homeostasis during changing eonditions, and subclinieal CAN ean run a long, indo­
lent course and beeome apparent only during periods of eardiovaseular stress. Burgos et 
al. showed that 35% of diabetie patients required inotropie support during induetion of 
general anesthesia vs only 5% of nondiabetie eontrols. Although none of the patients 
had any clinieal symptoms suggesting autonomie neuropathy, those that required vaso­
pressor support all had abnormal autonomie testing during preoperative evaluation (17). 
From the results of this study, it is apparent that even in the absence of any symptoms, 
signifieant autonomie dysfunetion may be present that ean lead to eomplieations during 
periods of eardiovaseular stress. 

The appearanee of symptoms, namely orthostatie hypotension, implies severe auto­
nomie dysfunetion and is assoeiated with a very grim prognosis. In alandmark study, 
Ewing and eolleagues showed that in type I diabetie patients, the development of symp­
tomatie autonomie neuropathy was assoeiated with mortality rates in exeess of 50% at 
5-yr follow-up (Fig. 2) (7). Such disturbing statisties underline the importanee of detee­
tion of autonomie dysfunetion in its subclinieal phase, sinee it may help seleet the 
patients at risk for progressing to symptomatie neuropathy with its associated poor 
prognosis. 

METHODS OF ASSESSING 
CARDIOVASCULAR AUTONOMIC NEUROPATHY 

Over the years, numerous tests with varying eomplexity have been devised to test 
autonomie integrity of various organ systems. Tests of eardiovaseular reflexes however 
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Fig. 2. Five-year survival eurves for age- and sex-matehed general population (open eircles), age­
and sex-matehed diabetie population (blaek triangles), 33 normal diabetic subjeets (open squares) 
and 40 diabetic subjeets with symptoms and abnormal autonomie funetion tests (blaek squares). 
(From Ewing et al., with permission, ref. 7). 

remain the mainstay of making a diagnosis of eardiovaseular autonomie neuropathy 
sinee they are sensitive, relatively easy to perform, and aeeurately represent global auto­
nomie funetion (22). Such tests assess the ehanges in heart rate and blood pressure in 
response to various stimuli such as deep respiration, the Valsalva maneuver, ehanges in 
bodily position, exereise, earotid massage, mental stress, and others. 

H eart-Rate Variability 

Heart-rate variability (HRV), whieh measures beat-to-beat oseillations as weH as 
ehanges in instantaneous heart rates, is a promising and popular marker of autonomie 
integrity. HRV ean be measured by a variety of tests ranging from bed-side evaluations 
to 24-hr ambulatory ECG monitoring. It is important to emphasize that HRV measures 
fluetuations of autonomie input rather than mean autonomie input to the heart. A dimin­
ished HRV may therefore represent either autonomie withdrawal or a eonstantly high 
autonomie tone (20). Sinee both eonditions have been assoeiated with deleterious effeets 
on the eardiovaseular system, an abnormal result during HRV testing maintains its value 
in either scenario. When possible, 24-hr reeordings should be used, sinee they are supe­
rior to shorter measurements of HRV. An example of abnormal HRV is the absence of 
the physiologie al "sinus arrhythmia" whieh is eonsistently eneountered in diabetie 
patients with autonomie neuropathy (Fig. 3). 

The advent of power speetral analysis (PSA) has allowed for translation of eonven­
tional heart-rate reeordings to frequeney amplitude graphs using various mathematieal 
approaches. U sing PSA, three distinet frequeney peaks have been identified within the 
speetrum of HRV allowing for seleetive assessment of the parasympathetic and sympa­
thetie system. The very-Iow- and low-frequeney peaks are mostly under sympathetic 
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Fig. 3. Changes in heart rate during deep breathing in anormal and a diabetic subject. The variation 
in heart rate (sinus arrhythmia) during breathing is termed RR variation. Its magnitude is c1early less 
in this 25-yr-old diabetic patient with autonomie neuropathy than in the normal subject. Both patients 
were breathing at a fixed rate of five breaths per minute. (From Pfeifer et al., Current Concepts. The 
Upjohn Company, 1985 with permission). 

eontrol, whereas high frequeneies represent parasympathetie input. During tilt-table 
testing of patients with postural hypotension, there is an absence of the expeeted rise of 
the sympathetie eomponents, suggesting adrenergie dysfunetion as the underlying 
meehanism (Fig. 4). However, sinee autonomie regulation is such adynamie proeess, 
there ean be overlap between sympathetie and parasympathetie input beyond these fre­
queney peaks and interpretations of PSA results must be eautiously made (21). 

The clinieal relevanee of abnormal HR V has been investigated in numerous clinieal 
eonditions including eoronary artery disease, eongestive heart failure, hypertension, sud­
den death, and eardiae arrest among others with very interesting results. The predietive 
value ofHRV has been demonstrated in aeute myoeardial infaretion survivors and in dia­
betie patients prone to the development of symptomatie autonomie neuropathy (18,19). 

Blood-Pressure Testing 
Orthostatie hypotension is the eardinal clinieal feature of symptomatie eardiovaseu­

lar autonomie neuropathy. The presenee of lightheadedness, weakness, visual ehanges, 
and palpitations ean present a clinical dilemma in diabetic patients sinee it ean be mis­
taken as hypoglyeemia. However, sinee severe autonomie dysfunetion ean be present 
long before clinieal orthostasis develops, testing in the suclinieal phase is justified, par­
tieularly in the diabetic population. 

The demonstration of a drop in systolie blood pressure of 30 mmHg or a drop in dias­
tolie pressure of 10 mmHg is suffieient for the diagnosis of postural hypotension (23). 
The most eommonly used tests include response of blood pressure to standing, tilting, 
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Fig. 4. Spectral analysis of RR interval variability in a healthy subject at rest and during 90% head­
up tilt. At rest, two major components of similar power are detectable at low and high frequencies. 
During tilt, there is dear dominance of the LF component, which reflects mostly sympathetic 
input (61). 

during handgrip exereise, and eontinuous ambulatory 24-hr blood-pressure monitoring. 
It is important that patients undergoing testing abstain from eaffeine, nieotine, and 
ethanol, and that drugs able to eause postural hypotension, sueh as trieyclie antidepres­
sants, vasodilators, diureties, and even insulin are excluded. Unlike HRV, whieh is 
determined by both parasympathetie and sympathetie input, abnormal blood pressure 
responses are thought to represent sympathetie dysfunction, sinee eentral and peripheral 
adrenergie meehanisms are responsible for blood-pressure homeostasis. 

Radionuclide Imaging 
The use of radioisotope-tagged analogs of naturally oeeurring neurotransmitters 

allows for quantitative seintigraphie assessment of autonomie innervation of the heart. 
Methods for deteetion of adrenergie defeets are eurrently available, and similar methods 
should be available in the future for assessment of parasympathetie fibers. Measurement 
of iodine-123-tagged metaiodobenzylguanidine (1-123 MIBG), a nonmetabolized nor­
epinephrine analog, showed marked uptake defieits in diabetie hearts (16). Single­
photon emission eomputed tomography (SPECT) images have also been used to 
demonstrate abnormal eardiae sympathetie innervation. These findings suggest that the 
number of adrenergie fibers in the myoeardium of diabetie patients is greatly deereased. 
There is evidenee to support that scintigraphie assessment may be more sensitive than 
eonventional autonomie testing in deteeting CAN, sinee abnormal adrenergie uptake 
patterns are present even when eonventional tests are still normal (25,26). 

CLINICAL IMPLICATIONS 
OF CARDIOVASCULARAUTONOMIC NEUROPATHY 

Coronary artery disease is the leading eause of mortality in the diabetie population, 
and patients with diabetes have a worse prognosis than nondiabetie patients with angio-
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graphieally similar CAD. Diabetie patients also have higher incidenee of eongestive 
heart failure and higher mortality following myoeardial infaretion than nondiabetie 
patients with similar infaret size (27,28). The exaet meehanisms responsible for the 
worst outeome assoeiated with diabetes are not clear. Proposed theories include an 
altered lipid profile, aeeelerated atherosclerosis, endothelial dysfunetion, inereased 
platelet aggregability, raised fibrinogen levels, and inereased plasminogen-aetivator 
inhibitor (PAI-l) aetivity. Furthermore, the presenee of autonomie neuropathy, a eom­
mon eomplieation of diabetes, has been proven to be an independent predietor of mor­
tality in myoeardial infaretion survivors. Putative meehanisms by whieh autonomie 
neuropathy ean adversely affeet outeome in these patients include an altered or absent 
pereeption of myoeardial isehemia, abnormal hemodynamie responses to eardiovaseu­
lar stress (i.e., myoeardial infaretion, exereise eapaeity, general anesthesia), abnormal 
left ventrieular filling patterns, and apredisposition to lethai arrhythmias (29). 

Silent Ischemia 
Abnormal autonomie funetion testing refIeets damage of efferent autonomie fibers 

responsible for transmission of eentral autonomie impulses to the periphery, and proba­
bly also indieates eoneomitant damage of the afferent fibers that are responsible for the 
sensory innervation of the heart. Damage to these fibers is thought to be the underlying 
pathogenetie meehanism responsible for the blunted or absent pereeption of isehemie 
pain in diabetie patients. There are numerous histopathologie studies supporting the link 
between diabetes, autonomie neuropathy, and clinieally silent eoronary disease. Histo­
logie examination of the myoeardium in diabetie patients with painless myoeardial 
infaretion demonstrated extensive damage of the afferent autonomie fibers (30). In 
another study, patients with long-term diabetes had markedly redueed norepinephrine 
stores in their myoeardium and arterial system during postmortem examination when 
eompared to nondiabetie eontrols, again suggesting autonomie-nerve degeneration (24). 
Finally, newer radioisotope-imaging teehniques have demonstrated deereased norepi­
nephrine analog uptake in the hearts of diabetie patients with evidenee of silent 
isehemia (16). All of the above data suggest that the neuronal degeneration associated 
with diabetes results in autonomie denervation of the heart and is responsible for the 
diminished pereeption of isehemie pain and silent isehemia. 

Conventional noninvasive testing is adequate for deteetion of silent isehemia in the 
diabetie population. Nesto and eoworkers showed that 91 % of isehemie episodes in this 
population are clinieally silent during 24-hr ECG monitoring, a pereentage mueh higher 
than that observed in non-diabetie patients with CAD (31). In another report, again using 
24-hr Holter monitoring, the prevalenee of silent isehemia was markedly higher in dia­
betie patients with autonomie neuropathy than diabetie patients without autonomie dys­
funetion (34). Similarresults were seen using dypiridamole-thallium seanning, in whieh 
60% of diabetie patients with severe peripheral vaseular disease but no clinieal evidenee 
of eoronary disease had silent isehemia or previous infaretions (33). Even though the 
above data are very suggestive of the assoeiation between diabetes and autonomie neu­
ropathy with silent isehemia, there has been some eritieism regarding the laek of similar 
data using eoronary arteriography. A reeent study by Marehant et al. however, showed 
that in patients with angiographieally similar eoronary disease, silent isehemia was 
more frequent in patients with diabetes and abnormal autonomie funetion (35). 

Even when diabetie patients do experienee symptoms, their anginal pereeptual 
threshold is higher when eompared to nondiabetie patients. Ambepityia et al. showed 
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that the onset of angina during treadmill testing in diabetic patients was delayed com­
pared to nondiabetic patients once electrocardiographic evidence of ischemia was pre­
sent. This delay in the onset of angina allowed diabetic patients to continue exercising 
with resultant worsening of myocardial ischemia. Further analysis of this study popula­
tion revealed that patients with abnormal autonomic function testing were especially 
prone to a prolonged anginal threshold (32). 

As a result of their defective perception of warning symptoms, diabetic patients may 
escape detection or suffer delays in diagnostic and therapeutic interventions. Further­
more, progression of unrecognized atherosc1erotic disease can lead to silent myocardial 
infarctions and serious arrhythmias with congestive heart failure or sudden cardiac 
death being the initial manifestation of CAD in such patients. 

Myocardiallnfarction 

Diabetes mellitus is associated with high morbidity and mortality rates from coro­
nary disease. In fact, myocardial infarction is the cause of death in approx 30% of dia­
betic patients (36). Following myocardial infarction the inhospital mortality rate is 28% 
for all diabetic patients, with an even worse prognosis for diabetic women and patients 
with a prior infarction, rates that are markedly higher than those of nondiabetic subjects 
(37). Congestive heart failure, recurrent infarction, atrioventricular and intraventricular 
conduction abnormalities, and myocardial rupture are also encountered more frequently 
in diabetic than in nondiabetic patients during the course of acute myocardial infarction 
(38-41). 

So, why do diabetic patients have higher rates of myocardial infarction, more fre­
quent complications, and such an unfavorable outcome? As mentioned earlier in this 
chapter, the metabolic derangements associated with diabetes create an environment 
that favors the development and progression of coronary disease. Higher levels of very­
low-density lipoprotein (VLDL), decreased levels of high-density lipoprotein (HDL), 
and a higher fraction of apolipoprotein E (apoE), all contribute to increased cholesterol 
ester uptake and deposition within the arterial wall with subsequent atherogenesis (42). 
Diabetes also influences various steps of the coagulation cascade. Platelets from dia­
betic patients have increased numbers of GpIIb-IIIa receptors on their surface (the inte­
grin that mediates the final common pathway of platelet aggregation) and also 
demonstrate a hypersensitivity to thrombin, therefore making these platelets more 
aggregable ("sticky"). Diabetic patients also have decreased antithrombin III activity 
and lower concentrations of protein C, changes that further predispose to thrombosis. 
Finally, the fibrinolytic system is impaired in diabetic patients as a result of increased 
activity of plasminogen activator inhibitor-l (PAI -1) even though levels of tissue-plas­
minogen activator (tPA) are normal or increased (43). The alterations in the lipid profile 
in conjunction with the effects of diabetes on platelet function, coagulation, and fibri­
nolysis, create an intravascular milieu that favors atherosc1erotic plaque formation, fis­
suring, thrombosis and myocardial infarction. 

Coronary disease in diabetic patients can be further complicated by the frequent 
coexistence of autonomic neuropathy. Silent infarctions are more common in diabetic 
than in nondiabetic patients; 39 vs 22% of all infarctions (44). This observation is sup­
ported by autopsy data demonstrating the presence of myocardial scar in the absence of 
an antemortem history of infarction three times more frequently in diabetic than nondi­
abetic patients (45). In other instances, myocardial infarction may not be silent in dia-
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betie patients but may present with atypical symptoms. Nausea and vomiting, dyspnea, 
or even confusion are the presenting complains in approx 40% of diabetic patients suf­
fering an acute myocardial infarction (46). This atypical symptomatology may result in 
delayed triage and inappropriate disposition of such patients to the general medical 
wards rather than the coronary-care unit. Furthermore, diabetic patients may underesti­
mate the importance of such symptoms and not seek medical attention for several hours, 
therefore depriving themselves of the benefits associated with early pharmacologic or 
mechanical thrombolysis. Such delays are thought to account in part for the increased 
morbidity and mortality of diabetic patients with acute myocardial infarction, since 
early administration of thrombolytic agents has been associated with at least equal if not 
greater benefit in the diabetic population (3,60). 

Besides blunting the perception of ischemic pain, the presence of autonomie neu­
ropathy can precipitate or complicate the course of an acute infarction by several mech­
anisms. Higher resting heart rates associated with autonomie dysfunction increase 
myocardial oxygen demand and can therefore precipitate ischemia. This high sympa­
thetic input also results in increased vascular tone and subsequent vasoconstriction at 
the sites of coronary stenosis, further reducing myocardial perfusion. Furthermore, 
orthostatie hypotension may itself precipitate myocardial ischemia by decreasing coro­
nary perfusion pressure. The constellation of these mechanisms that can initiate an 
ischemic episode coupled with the prolonged anginal perceptual threshold that fre­
quently coexists in such patients may lead to prolonged ischemia and infarction. 

Finally, the presence of autonomie dysfunction may impair reflex adaptation to 
hemodynamie stress associated with acute myocardial infaretion. Indireet evidence to 
support this hypothesis comes from the anesthesiology literature. As mentioned earlier 
in this chapter, diabetic patients with autonomie neuropathy were much more likely to 
require vasopressor support to counteract the hemodynamic effects of induction of gen­
eral anesthesia than were nondiabetic patients or diabetic patients without evidence of 
autonomie dysfunction (17). This impaired reflex adaptation may at least in part explain 
the higher incidence of congestive heart failure and cardiogenic shock in diabetie 
patients when compared to nondiabetic patients with similar infarct size (47). 

Diabetic Cardiomyopathy 
Rubler et al' in 1972 were the first to suggest the existence of a distinct cardiomy­

opathy associated with diabetes. During autopsy studies of four diabetic patients with an 
antemortem his tory of congestive heart failure, they demonstrated the absence of ather­
osc1erotic, valvular, congenital, hypertensive, or alcoholic heart disease and conc1uded 
that diabetes itself may play a causative role in the development of cardiomyopathy 
(48). Since then, numerous epidemiologic studies have supported that hypothesis. For 
example, in the Framingham Heart Study, diabetic men had more than twice the fre­
quency of congestive heart failure than their nondiabetic counterparts and, in the case of 
diabetic women, that risk increased to fivefold. This increased risk persisted after con­
trolling for age, hypertension, coronary disease, hypercholesterolemia, and obesity, 
again implying that diabetes may be the primary cause of cardiomyopathy (49). 

Histopathologie studies in both animals and humans have failed to elucidate a single 
pathogenetie mechanism responsible for the development of diabetie cardiomyopathy. 
In these studies, interstitial deposition of periodie acid-Schiff (PAS)-positive material, 
along with myocardial hypertrophy and fibrosis have been the consistent findings dur-
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ing postmortem examination. It is probably a eonstellation of pathogenie meehanisms 
that leads to myoeardial dysfunetion, inc1uding small-vessel disease, interstitial 
ehanges, metabolie abnormalities, and autonomie dysfunetion (50). Using noninvasive 
testing, diastolie dysfunetion as evideneed by a prolonged peak diastolie filling rate 
along with an augmented atrial eontribution to diastolie filling was eneountered in dia­
betie patients with autonomie neuropathy and the severity of diastolie dysfunetion eor­
related with the degree of autonomie neuropathy (51,52). Similarly, systolie funetion 
may also be affeeted, espeeially during exercise. Vered et al. demonstrated that in 
young diabetie patients with normal resting ejeetion fraetion and without evidenee of 
eoronary disease or hypertension, ejeetion fraetion failed to inerease and in some eases 
deereased during exercise (53). These findings suggest that the development of ear­
diomyopathy starts early in the course of diabetes and that diabetie patients without any 
c1inieal findings suggestive of heart failure may have signifieant abnormalities of both 
systolie and diastolie funetion. 

Normal eontraetion and relaxation of the myoeardium relies greatly on an intaet 
autonomie nervous system. Sympathetie stimulation results both in inereased left ven­
trieular eontraetility and also in more rapid left ventrieular relaxation, an effeet of eate­
eholamine-faeilitated calcium uptake by the sareoplasmie retieulum (50). Myoeardium 
of patients with autonomie neuropathy has greatly depleted eateeholamine stores 
deteeted both during postmortem pathologie studies, but also using radionuc1ide studies 
in live patients (16,24). This autonomie denervation is eonsidered to be the underlying 
meehanism for the deereased exercise capacity often eneountered in this patient popula­
tion. This inability for adrenergie reeruitment is also responsible for the frequent ear­
diovaseular deeompensation of these patients during periods of aeute hemodynamie 
stress, such as during induetion of general anesthesia and in the course of an aeute 
myoeardial infaretion. 

Autonomie neuropathy is frequently present even in the very early stages of diabetes. 
Asymptomatie systolie or diastolie dysfunetion may also be present early in the course 
of diabetes and is usually assoeiated with the eoexistenee of autonomie neuropathy. 
Deereased heart-rate variability (HRV) is a eonsistent finding in eongestive heart fail­
ure, and there is data to support a eorrelation between the degree of autonomie impair­
ment and the severity of heart failure (54). The presenee of subc1inieal abnormalities in 
systolie or diastolie funetion may therefore be helpful in identifying patients at risk of 
developing overt heart failure and may also help seleet patients warranting c10ser mon­
itoring during exercise or while undergoing surgieal proeedures. 

Sudden Death 
Symptomatie eardiovaseular autonomie neuropathy is assoeiated with a 50% mortal­

ity over 5 yr after its onset (7). Sudden death, presumably of eardiae etiology, is respon­
sible for about one-third of these deaths (55). The exaet etiology of the high ineidenee 
of sudden eardiae death in these patients is not c1ear but may be related to a eombination 
of silent isehemia, infaretion, and/or primary arrhythmia. 

Autonomie dysfunetion may eontribute to life-threatening arrhythmia by two differ­
ent meehanisms. First, ehronieally depleted eateeholamine stores lead to upregulation 
of myoeardial adrenergie reeeptors. Such patients demonstrate exaggerated responses to 
infusions of Cl and ß adrenergie agonists, a eondition termed "adrenergie denervation 
hypersensitivity." During eonditions that are associated with eateeholamine release, 
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Fig. 5. Direet linear relationship between the extent of eardiae autonomie neuropathy and the QT 
interval at rest (A) and with maximal exereise (B) in 30 patients with diabetes mellitus. The enclosed 
box indieates patients who had no eardiae autonomie neuropathy, an of whom had normal ( <440 ms) 
QT intervals. Autonomie scores were assigned based on results of five tests: resting pulse, beat-to­
beat heart-rate variability, Valsalva maneuver, heart response to standing and blood pressure 
response to standing. (From Kahn et al., with permission, ref. 57). 

these patients might have excessive increases in heart rate and myocardial oxygen 
demand, changes that may, in turn, precipitate a malignant arrhythmia (56). The second 
mechanism by which autonomie neuropathy may contribute to sudden death is through 
prolongation of the QT interval. The long QT syndrome has been historieally linked 
with malignant ventrieular arrhythmias, namely torsade de pointes, and a high inei­
denee of sudden death. Numerous reports exist that eorrelate the degree of autonomie 
neuropathy and the extent of QT prolongation, an effeet that was further exaeerbated by 
exereise (Fig. 5) (57). These findings suggest an attraetive explanation for the high inei­
denee of sudden death in the presenee of autonomie dysfunetion, however a clear eause­
and-effeet relationship has not yet been established (58,59). 

CARDIOVASCULAR AUTONOMIC 
NEUROPATHY AS AN INDEPENDENT RISK FACTOR 

The abundanee of studies proposing various meehanisms of eontribution of auto­
nomie neuropathy to the poor eardiovaseular outeome of diabetie patients has resulted 
in some eontroversy regarding the exaet signifieanee of abnormal testing and the clin-
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ieal situations were it may be applied. This prompted the European Society of Cardi­
ology and the North Ameriean Soeiety of Paeing and Eleetrophysiology to form a task 
force that in March of 1996 provided a consensus statement on the measurement, 
physiologieal interpretation, and c1inieal use of heart-rate variability (61). After 
reviewing the literature on the prognostie value of HRV in numerous eardiae and non­
eardiae diseases it was eonc1uded that HRV assessment ean be used as an independent 
prognostie faetor in only two c1inieal scenarios, namely risk stratifieation after aeute 
myoeardial infaretion and predietion of development of symptomatie diabetie auto­
nomie neuropathy. 

In regard to risk stratifieation following myoeardial infaretion, HRV is a powerful 
and independent predietor of mortality and arrhythmie eomplieations. They suggested 
that HRV assessment take plaee soon after the infaretion and prior to hospital discharge 
and also emphasize the need of 24-hr reeordings sinee they are superior to shorter mea­
surements. These reeommendations were based on studies that demonstrated that HRV 
has at least equal predietive power with post-MI left ventrieular ejeetion fraetion 
(L VEF) for overall mortality, and is a more powerful predietor of sudden death and seri­
ous arrhythmie events (18,62) (Fig. 6). 

The seeond c1inieal setting in whieh HRV testing is indieated is in the deteetion of 
diabetie patients at risk for development of symptomatie autonomie neuropathy. Dia­
betie autonomie neuropathy ean run a long, indolent course, however onee symptoms 
develop the estimated 5-yr mortality is approx 50% (7). Early subc1inieal deteetion of 
autonomie dysfunetion ean therefore be very important in risk stratifieation and poten­
tial management of this subgroup of the diabetie population that may be at risk for silent 
eoronary disease, eongestive heart failure, or sudden death. Short-and/or long-term 
HRV measurements have been proven useful for the deteetion of subc1inieal autonomie 
dysfunetion (19,63). 

TREATMENT OPTIONS AND RECOMMENDATIONS FOR 
PATIENTS WlTH CARDIOVASCULARAUTONOMIC NEUROPATHY 

Unfortunately, most eurrently available treatments for eardiovaseular autonomie 
neuropathy are aimed only at the symptomatie relief of orthostatie hypotension. Avoid­
anee of precipitating medieations should always be attempted along with measures to 
maintain optimal intravaseular volume and inerease venous return, such as elasticized 
stockings, inereased salt intake if not eontraindieated, and fludroeortisone (FIorinef). 
Newer therapies inc1ude erythropoietin injeetions for optimization of red-eell mass, and 
administration of oetreotide, a somastatin analog, whieh inereases splanehnie vaseular 
resistanee and eardiae output (64,65). 

In regard to etiologie treatment of autonomie neuropathy, striet glyeemie eontrol 
should be the primary goal of therapy. The Diabetes Control and Complieations Trial 
(DCCT) demonstrated that in patients with type I diabetes reeeiving intensive insulin 
therapy, the development of abnormal autonomie testing was redueed by approx 50% 
after 5 yr of follow-up when eompared with the eonventional treatment group (66). 
Similar beneficial effeet on autonomie testing was also seen in patients with type 11 dia­
betes who followed intense metabolie and exercise programs, further underlining the 
need for striet glucose eontrol in all patients with diabetes (67). Novel treatment strate­
gies aimed at the pathogenetie meehanisms responsible for the neuronal degeneration 
associated with diabetes have yielded promising results in experimental studies. Such 
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Fig. 6. The sensitivity and specificity of left ventrieular ejeetion fraetion (L VEF), heart-rate variabil­
ity (HRV) index, and the eombination, for the prediction of all-eause mortality (A), arrhythmie 
events (B), and sudden deaths (C). (From Odemuyiwa et al., with permission, ref.18.) 
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agents inc1ude aldose reductase inhibitors, antioxidants, gamma-linolenie acid, neu­
rotrophie factors, and inhibitors of advanced glycosylation end-products (AGEs). 
Numerous clinical trials are currently in progress that in the near future should elucidate 
the potential of these agents in treating diabetic neuropathy. 

Medications commonly used for the treatment of heart disease inc1uding a and ß 
blockers, calcium channel blockers, ACE inhibitors, and digoxin have been shown to 
have complex effects on the autonomic nervous system (68). ß blockers have been con­
sistently shown to improve HRV indexes, however their effect is usually modest and 
there are no available data to suggest actual c1inical benefit. On the other hand type IC 
antiarrhytmie agents decrease heart-rate variability scores, an effect that might provide 
an insight to the increased mortality associated with these drugs in myocardial-infarc­
tion survivors (69). These findings suggest that medieations should be continued as 
indicated by the underlying cardiac condition regardless of autonomic function testing 
results. 

Exercise training has been shown to decrease overall mortality and incidence of sud­
den cardiac death in myocardial-infarction survivors (70). Regular exercise can also 
favorably affect autonomic function and accelerate recovery of sympathovagal balance 
following myocardial infarction (71). Based on these observations, exercise training 
should be inc1uded in the rehabilitation program of all eligible patients surviving 
myocardial infarction, however special caution should be taken in those patients with 
coexistent autonomic neuropathy. Such patients may have impaired exercise capacity 
that can limit their rehabilitation potential, but even more importantly, these same 
patients may be unable to sense myocardial ischemia during exercise that can lead to 
serious complications such as myocardial infarction and lethaI arrhythmias. It therefore 
appears prudent that in patients with autonomic dysfunction, noninvasive testing to 
assess the presence or extent of coronary disease should be undertaken prior to exercise 
program recommendations. 
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SEXUAL DYSFUNCTION IN DIABETES 

Prevalence 
It is not easy to get aeeurate data about sexual dysfunetion beeause of the personal 

and sensitive nature of the information. Many faetors diseourage survey respondents 
from being entirely truthful, so it has proved diffieult to obtain an assessment of the 
ineidenee of ereetile problems in a representative sampie of the general population. 
Despite this, the male diabetie dinic population has been well researehed in this respeet. 
Fairburn et al. (1) reviewed seven prevalenee studies and found that the rates were 
between 35 and 59%. Baneroft (2) observes that the rate of ereetile dysfunetion rises 
with age, so when the prevalenee in a diabetie dinic population studied by MeCulloeh 
et al. (3) is eompared with the large general population survey by Kinsey et al. (4), we 
see an amplification ofthe age-related pattern (see Fig. 1.), a finding that also emerges 
in the Massaehusetts Male Aging Study (5). Throughout these studies it has been eon­
sistently found that the prevalenee of ereetile failure inereases with the duration of the 
diabetes. Not surprisingly, the rate is highest in those who also have evidenee of other 
eomplieations sueh as proliferative retinopathy, peripheral neuropathy, and autonomie 
neuropathy. There seems to be little differenee between patients needing insulin and 
those eontrolled by oral hypoglyeaemic agents, though patients using diet alone may be 
less at risk. In a 5-yr follow-up of 275 men with diabetes who were free from sexual 
dysfunetion at the beginning of the study, MeCulloeh (6) found that 28% developed 
ereetile problems. This was predicted by age, poor glyeemie eontrol, aleohol intake, the 
development of neuropathie symptoms, and vaseular disease. 
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Fig.1. Comparing the data from Kinsey (4) and McCulloch (3). The age incidence of erectile dys­
function in diabetic and non-diabetic men. (0), diabetic men; (e), non-diabetic men. 

Neuropathy and Erectile Failure 
Erectile dysfunction in diabetes is a classical example of a multifactorial condition. 

The difficulty that a patient experiences in achieving and sustaining an erection may be 
caused by a combination of neuropathy, vascular disease, psychological and interper­
sonal factors, hormonal imbalance, renal failure, drug side effects, and local genital 
problems. It can present a considerable diagnostic challenge to unravel which factors 
are important in any particular case so that a rational treatment plan can be offered. Esti­
mates have been made of the relative contribution of neuropathy to the overall picture of 
erectile failure in diabetes (7), but the resulting figures vary widely depending on the 
populations studied and the sophistication of the methods used to detect and quantify 
neuropathy and vascular disease. Veves et al. (8) used clinical examination combined 
with quantitative sensory testing and e1ectrophysiological measurement to produce a 
Neuropathy Disability Score in 110 diabetic men complaining of erectile failure. In this 
group, neuropathy was found to be the main or only cause of the erectile problems in 
47% and a contributing factor in another 18%, though other factors were also important 
(see Table 1). Other studies that have used more sensitive tests of vascular function (9) 
have found significant vascular abnormalities in up to 68% of diabetic men with erectile 
failure. Despite these differences, it is clear that neuropathy is a major etiological factor 
in diabetic sexual dysfunction. 

PATHOPHYSIOLOGY 

The Erectile Response 
The peripheral nerves supplying the penis include the pelvic nerves (mainly 

parasympathetic), the hypogastric nerves (mainly sympathetic), and the pudendal nerve 
(mainly somatic). The pelvic and hypogastric nerves combine to form the pelvic plexus, 
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Table 1 
Etiopathegenic Factors of Erectile Dysfunction in Diabetic Men 

Neuropathy 
Psychogenic factors 
Marital disharmony 
Medications 
Peripheral vascular disease 
Venous leakage 
Endocrine dis orders 

Only Jactor 

27 
11 
1 
2 
2 
2 
1 

Results as % of 110 patients, Veves et al. (8). 

MainJactor 

20 
24 
4 
4 
6 

Contributing Jactor 

18 
17 
17 
19 
7 

giving rise to the cavernous nerves that supply the erectile tissue. The pudendal nerve 
supplies the striated muscle that contributes to the rigidity of the erect penis. Parasym­
pathetic activity increases blood flow through the penile corpora by dilatation of penile 
arteries and relaxation of trabecular smooth muscle. The peripheral neurotransmitter 
mechanisms controlling erection are still not fully known. It seems that transmission is 
mainly nonadrenergie and noncholinergic with vasoactive intestinal polypeptide (VIP) 
playing an important role. Other neuroeffector systems include the release of nitric 
oxide, a smooth muscle relaxant, from the vascular endothelium. The use of 
prostagiandin EI in the treatment of erectile failure points to a role for vasodilatory 
prostacyclin in the physiology of erection. 

Various studies have revealed the vulnerability of these pathways in diabetic neu­
ropathy. Using animal models of diabetes, Italiano et al. (10) were able to demonstrate 
a significant decrease in myelinated fiber size in the cavernous and dorsal penile nerves, 
probably because of progressive axonal atrophy, suggesting that regionally specific 
structural changes occur in neuronal pathways serving erectile response. Saenz de 
Tejada et al. (11) studied cavernosal tissue from diabetic men and found a specific 
impairment of the endothelium-mediated release of nitrous oxide, implicating a failure 
of this mechanism in the high prevalence of erectile dysfunction in diabetes. Neuro­
physiological evaluations on human subjects (7) suggest that impaired urogenital sensa­
tion might also be significant. 

Vascular F actors 
The production of a rigid erection depends on vascular changes that are under neural 

control. If the blood supply to the penis is compromised by generalized or microvascu­
lar disease, this will greatly compound the effect of any neuropathie changes. To main­
tain a full erection, it is also necessary to produce a compression of the penile venules, 
which decreases venous return. Occasionally a venous leakage is responsible for erec­
tile problems and if this is suspected it must be investigated by cavernosography. 

Drug Effects 
Many drugs are known to cause or exacerbate erectile failure, and some of these are 

quite commonly prescribed in the diabetie population, as summarized in Table 2. The 
most troublesome in clinical practiee are the antihypertensives (12). 
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Table 2 
Drugs Associated with Erectile Dysfunction 

Antihypertensives 
Thiazide diuretics 
Beta blockers (particularly propranolol) 
Methyldopa 
Spironolactone 
Reserpine and guanethidine 

Psychotropic drugs 
Phenothiazine antipsychotics (especially thioridazine) 
Haloperidol 
Tricyclic antidepressants 
Monoarnine oxidase inhibitors 
Benzodiazepines 

Drugs with endocrine effects 
Antiepileptics 
Cimetidine 
Metoc1oprarnide 
Clofibrate 

Other drugs or substances 
Alcohol, tobacco, heroin, methadone, amphetamine (at high doses) 

Psychological Effects 

Webster 

Central neural mechanisms are also important in the erectile response, and psy­
chogenic factors can be a powerful causal and complicating factor in sexual dysfunc­
tion. Sensory pathways from the genitalia provide feedback to cognitive centers in the 
cortex. This produces a response that can enhance or inhibit sexual arousal. Bancroft (2) 
has described this mechanism as the "psychosomatic circ1e of sex," a concept that 
explains the power of performance anxiety in sexual dysfunction. The man becomes 
aware that his erection is less firm than previously and he begins to worry about whether 
he will be able to sustain this for intercourse to take place. This anxiety produces an 
inhibitory response and the erection is lost. The anxiety increases with each failure, 
leading to complete inhibition of the erectile response in some cases or an understand­
able avoidance of sexual activity. The picture is further complicated by the effect that 
this can have on the sexual relationship (13). 

It can be seen from this that the distinction often drawn between "organic" and "psy­
chogenic" impotence in diabetes is not very helpful in clinical practice, as many patients 
will have an inextricable combination of these factors. The effect of performance anxi­
ety is very powerful in exacerbating and perpetuating erectile failure and can explain 
the cases in which profound sexual dysfunction is seen despite minimal evidence of 
neuropathy or vascular disease. 

ASSESSMENT 

The History 
The presentation and progression of erectile problems in diabetes is very variable, as 

might be expected from the number of ways in which the diabetic process and psycho-
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logical factors can affect sexual function. Fairburn (14) documented very detailed 
accounts from 27 men with diabetic erecti1e problems. Most of them first noticed a 
dec1ine in the strength and duration of erections that was initially variable but became 
progressively more severe and consistent. Three of the group reported initial changes in 
ejaculation, inc1uding loss of ejaculatory control and of the pumping sensation usually 
associated with orgasm. Ejaculatory changes developed in half of the men, inc1uding 
orgasm without emission, though not all of these showed evidence of the retrograde 
ejaculation that can occur when innervation of the bladder neck is affected. 

In most cases, any reported loss of libido can be understood as a response to the 
chronic erecti1e difficulties, but in men with significant renal impairment the uremia and 
other metabolic abnormalities are c10sely associated with impaired sexual interest (15). 
In those men in whom psychological factors are important, there is often a c1ear history 
of anxiety and distress about the sexual dysfunction, reduced sexual interest, and sexual 
avoidance. 

The Physical Examination 
Although the history may c1early suggest neuropathy or vascular disease, it is still 

important to exc1ude any conditions of the external genitalia that may contribute to 
erectile dysfunction. Painful phimosis (inability to retract the foreskin) may result from 
recurrent infections with Candida albicans. Peyronie's disease, in which bands ofthick­
ened tissue in the penile corpora lead to a bending of the erect penis, is also a fairly com­
mon finding, causing problems with penetration. 

Basic examination of the cardiovascular system, inc1uding blood pressure, abdomi­
nal or femoral bruits, and absent peripheral pulses give a good indication of general vas­
cular disease. The most helpful sign in the neurological examination is the loss of 
discrimination of temperature sensation in the feet (16). Abnormal cardiovascular 
reflexes as an indicator of autonomie neuropathy are associated with aging and erectile 
dysfunction (17). 

Hormonal Investigations 
It is customary to screen serum testosterone in most cases, but a significantly low 

value is only found in 1 % of patients without a c1inical pieture of hypogonadism (18). 
Some endocrine abnormalities have been found in diabetes, inc1uding increased testos­
terone binding and abnormal response to stimulation with leuteinizing-hormone releas­
ing hormone, but this is found in diabetic patients with or without sexual dysfunction. 
Although there is a such a small incidence of endocrine abnormality, the screening is 
probably worth undertaking for two reasons. Firstly, it avoids missing potentially seri­
ous and treatable endocrine conditions. Secondly, it helps the c1inieian to form a thera­
peutic alliance with the patient, who usually needs much reassurance that everything is 
being done to investigate his problem. It is sometimes possible to discuss psychologieal 
factors only if the man has been assured that his hormone levels are normal. 

Specialist Investigations 
INTRACA VERNOUS INJECTION 

Intracavernous injecting into the corpus cavernosum can be used diagnostically as 
weIl as therapeutieally (19). A fully rigid erectile response to a standard dose exc1udes a 
significant vascular cause for the erectile failure. A partial response may be caused by 
vascular insufficiency or psychological inhibition (20). 
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VASCULAR INVESTIGATIONS 

The ratio of penile blood press ure to brachial blood pressure indicates vascular 
pathology, and can be measured with a penile cuff. However, Doppler ultrasound gives 
a much more accurate picture of the penile vasculature. 

NOCTURNAL PENILE TUMESCENCE 

Healthy young males usually have four episodes of nocturnal penile tumescence 
(NPT) each night, a pattern that diminishes with age. An intact cyc1e of nocturnal erec­
tions is usually interpreted as evidence a significant neurologieal or vascular problem is 
unlikely, and that psychologieal factors may be more important. However, recent stud­
ies (21,22) have indicated that even diabetic men with normal sexual function when 
awake often show abnormally reduced nocturnal penile tumescence, so this should not 
be taken as evidence of irreversible sexual dysfunction in the diabetic population. 

AUTONOMIC NERVE TESTING 

These investigations, reviewed by Pryor and Dickinson (19), are more frequently 
used in research to elucidate the mechanisms of erectile failure than in a c1inical setting, 
but they can provide the most direct evidence of neuropathic deficit. 

Bulbocavernosus Latency This test is based on the bulbocavernosus latency reflex 
in which squeezing the glans penis causes a contraction of the anal sphincter. The 
latency time between electrical stimulation of the glans and detection of a response by 
an electromyographical needle placed in the bulbocavernosus musc1e is a measure of 
the integrity of the sacral cord segment and its associated fibers. 

Sacral-Evoked Response This test also demonstrates the integrity ofthe autonomie 
afferent fibers and depends on the urethro-anal reflex. Delayed latency times between 
stimulation of the posterior urethra and contraction of the anal sphincter have been 
found in men with impaired NPT. 

Pudendal Motor-Evoked Potential This is a noninvasive test in whieh the brain is 
stimulated magnetically. The latency time to contraction of the anal sphincter is com­
pared to that when the sacral root is stimulated. 

Single Potential Analysis of Cavernous Electrical Activity. This is the most direct 
measurement of cavernous muscular activity, using needle electrodes. 

Psychological Assessment 

AIMS 

The c1inical interview gives an opportunity to assess signifieant psychologie al fac­
tors. Firstly, any treatable psychiatric illnesses such as depression and anxiety states 
must be detected and managed appropriately. Next, the patient may give a history of 
increasing worry and despondency about his failing erections, indicating that perfor­
mance anxiety may be a significant causal or complicating factor. The patient's atti­
tudes about sexuality and masculinity affect the impact of erectile dysfunction on his 
self-esteem (23). This can vary from emotional devastation to relief at being able to 
retire honorably from sexual activity. It is important to make an assessment of these 
issues as they will affect the man's expectations of and motivation for treatment. 

If at all possible, it is invaluable to involve the man's sexual partner in this stage of 
the assessment. This allows the c1inieian to observe and inquire about interpersonal fac­
tors that may be of great importance in the etiology, maintenance, and future treatment 
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of the problem (13). It also provides another informant who may give additional infor­
mation about life events and lifestyle that the patient may be reluctant or embarrassed to 
discuss (e.g., alcohol intake). 

THE INTERVIEW SETTING 

There are still major taboos and sensitivities surrounding the discussion of sexuality 
and especially sexual dysfunction. This needs to be appreciated by all personnel in the 
c1inic inc1uding receptionists, so that it is not made obvious to all in the waiting area 
that the man is attending a consultation for a sexual problem. The interview room 
should afford privacy and be reasonably sound-proof. There must be facilities for unin­
terrupted and relatively unhurried discussion with individuals or couples. The c1inicians 
involved in this stage of the assessment must be experienced, relaxed, and confident in 
speaking with patients about intimate sexual and relationship matters. There is nothing 
more inhibiting for the patient than the realization that the doctor he is speaking to is 
inwardly squirming with embarrassment. If necessary, extra training in the relevant 
interview skills should be sought for c1inicians working in this field. 

RATING SCALES AND QUESTIONNAffiES 

Standardized and validated instruments, reviewed by Gregoire (24), are available for 
the assessment of both psychological and physical aspects of sexual dysfunction (see 
Table 3). These do not usually add much of practical value to the routine c1inical assess­
ment, but they are of great methodological importance in defining sampIe populations 
and measuring outcome in research. 

TREATMENT 

With a good assessment of the relative contributions of neuropathy, vascular disease, 
psychological, and other factors, it should be possible to devise and recommend a ratio­
nal treatment option for most patients with erectile dysfunction. However, this logical 
view does not take into account the vagaries of human nature. The prejudices and pref­
erences of the man and his partner sometimes playamajor role in treatment choice and 
the c1inician must sometimes find a compromise between a management plan that is 
rational and one that is acceptable. Review of the currently available options shows why 
some patients may be reluctant to embark on possibly invasive procedures, none of 
which offer the cure that they are seeking. 

Oral M edication 
It is frequently necessary to intervene to change a regular prescription of a drug that 

is adversely affecting sexual function (see Table 2). This should be done and the out­
come assessed before trying any other measures. Sometimes sexual function returns to 
a satisfactory level, but problems can persist because of secondary psychological and 
relationship factors. 

Many patients are understandably hoping for a tablet that they can take that will 
enhance their erections and restore their potency. Y ohimbine hydrochloride has been 
used in the past (25) but has not gained acceptance due to its extensive side-effects. 
There have been encouraging reports from c1inical trials (mainly on patients with no 
organic cause for their impotence) of s lldenafil. 

Sildenafil, a novel orally active phosphodiesterase inhibitor, has been shown to 
enhance the erectile response, inc1uding duration and rigidity of erection, in such 
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Table 3 
Questionnaires and Rating Scales 

For quantifying sexual dysfunctions 
SexualInteraction Inventory (SII) 
Derogatis Sexual Functioning Inventory (DSFI) 
Golombok and Rust Inventory of Sexual Satisfaction (GRISS) 

To assess marital disharmony 
Locke-Wallis Marital Adjustment Test 
Golombok and Rust Inventory of Marital State (GRIMS) 

Webster 

patients. The drug is weIl tolerated with mild and transient adverse events such as head­
ache, dyspepsia, and pelvic musculoskeletal. Sildenafil is the first of this c1ass of drugs 
to be approved by the FDA for use in the United States and may eventually be able to 
add an effective oral agent to our treatment options for diabetic patients. This would 
undoubtedly be popular with patients, as would further work on the possibility of topi­
cal preparations (27). 

Intracavernosallnjections 
The use of vasodilator intracavemosal injections of drugs directly into the corpus 

cavemosum, first described by Virag in 1982 (28), has revolutionized the treatment of 
erectile problems. The initial work was done with the drugs papaverine and phento­
lamine, but the most commonly used preparation is now prostagiandin EI (PGEl), as 
the incidence of potentially serious side effects is significantly less with this drug (29). 

THE PROCEDURE 

A test dose is usually given in a dinic setting, using a 15-mm needle to inject into one 
of the corpora towards the base of the penis, using a lateral site that avoids major blood 
vessels and the urethra. The full effect may take up to 15 min to develop, and if the 
resulting erection is still not firm enough for intercourse, the dose of drug can be 
adjusted appropriately. The patient must be instructed in the technique of self-injection, 
so that the treatment can be used at horne. This has recently been simplified by the 
development of single-dose injector pens that may be useful for patients with poor sight 
or limited manual dexterity. 

COMPLICATIONS 

Prolonged Erections The erection produced by the injection is generally defined as 
prolonged if there is no detumescence after 4 h or longer. As the erection is hemostatic, 
anoxic tissue damage (30) leading to necrosis may ensue. This potentially disastrous 
complication is less likely using PGEI than papaverine (29). If it does occur, patients 
must be wamed to seek rapid treatment. This might mean aspiration of blood from the 
corpora, careful use of a vasoconstrictor drug, or even construction of a surgical shunt in 
the few cases that do not respond. Most c1inics that offer intracavemosal injections issue 
written instructions that c1early inform patients how, where, and when to seek help in 
the event of a prolonged erection (31), as the potential damage in the worst cases is 
severe and permanent. 

Pain This occurs on insertion of the needle and from the effect of the drug in the tis­
sues. This can lead to discontinuation of the treatment method in approx 10% of those 
who try it (32). 
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Local Complications Infection at the injection site is a possible problem, but with 
adequate sterile technique it is rare in practice. Bruising can occur in up to 47% of 
patients (33), but this can be minimized using good injection technique and is as little as 
3% in other studies (34). The formation of fibrotic plaques or nodules is a more serious 
complication that occurs in approx 6% ofpatients (35) and is one reason to discontinue 
the treatment. This is thought to be associated with long-term use, but there are case 
reports of scarring resulting from a single dose (36). This implies that patients should 
be warned of this possibility before consenting to undergo a test dose. The manufactur­
ers generally recommend that the injections should not be used more often than three 
times a week in the case of PGE 1. 

OUTCOME 

There is no doubt that in suitable patients this method is highly effective in producing 
an adequate erection, with over 80% of men responding well (37). However, there are 
some groups in which the technique is less useful. Patients with moderately severe vas­
cular disease may show a partial or absent response, as the blood supply to the genital 
region is insufficient for local dilatation of vessels to be effective. There is also a sub­
group of patients who do not respond because of psychological inhibition (20). It has 
been assumed that the mechanism for this involves the anxiety and embarrassment asso­
ciated with the procedure, especially in a dinie setting, but researchers have found that 
men who use the psychologieal defense mechanisms of dissociation and denial experi­
ence this inhibitory effect (38). 

ACCEPTABILITY AND LONG-TERM USE 

Some patients and their partners will choose not to try this method, as they feel it is 
too dinieal and will interfere with the spontaneity of lovemaking. Men who are nervous 
or even phobie of needles will have great difficulty initiating this technique, and it is 
possible that those who already have experience of self-injection with insulin take to it 
more easily (39). 

There is now a body of evidence emerging that a significant number of men choose 
not to use intracavernosal injections on a long-term basis, despite getting an adequate 
erectile response. The reasons for this are not simple, as Weiss et al. (32) found in their 
investigation of 140 patients beginning injection therapy. At the end of 6 mo, 80% had 
discontinued the treatment, though only 10% of these dropped out because of side­
effects. Over 70% had lost interest in the method or changed to another form of treat­
ment. Factors involving the sexual partner were cited by a further 10% of men. An 
improvement in the natural erectile response was the reason in 8% of the group. The 
large discontinuation rate therefore may reflect the realization that although this method 
is effective in achieving erections, it does not restore the natural and spontaneous sexual 
function that many men are seeking. Those men who experience areturn of potency are 
likely to have overcome performance anxiety using the injections, which are then no 
longer needed. 

Vacuum-Assisted Erection Devices 
These devices (40) can be effective even in patients who do not respond well to intra­

cavernosal injections because of severe vascular problems. 

MECHANISM OF ACTION 

The vacuum-assisted erection device is supplied as a kit induding a dear plastie 
cylinder, a pump attachment that can be hand or battery operated, and constriction rings. 
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Most manufacturers also supply an instruction video demonstrating the correct use of 
the device. The cylinder is placed over the penis, which should be weIl lubricated. 
When the pump unit is attached and activated, negative pressure is produced within the 
cylinder. This causes blood to be drawn into the corpora cavernosa and, after a few min­
utes, the penis becomes rigid. Tumescence is maintained by a constriction band that is 
slipped off the cylinder to grip the base of the penis. The pump and cylinder can then be 
removed, and intercourse can take place with the constriction ring in situ. This method 
produces a satisfactory quality of erection in over 70% (41) of diabetic men who try the 
pump, though there are some differences from the physiological erection that patients 
may notice. The erect penis produced by the pump method feels cool to the touch, as the 
blood within is relatively static. Also, the erectile tissue proximal to the ring is unaf­
fected and still flaccid, so the angle of the erect penis is less upright and it is more diffi­
cult to direct accurately for penetration. However, most patients are able to adjust to 
these changes, and high levels of satisfaction with the method have been reported (42). 
Men who can achieve a satisfactory erection but cannot sustain it can often successfully 
use the constriction ring without needing the vacuum pump, an option that is cheaper 
and less intrusive. 

CONTRAINDICA TIONS 

The constriction ring must be removed after 30 min to allow the penile circulation of 
blood to return to normal. It is therefore recommended that patients should not use the 
device after drinking alcohol because of the risk of falling asleep and forgetting to 
remove the ring, as anoxic tissue damage could occur. The operation of the device 
requires some manual dexterity and may prove difficult if the patient is vision-impaired 
or has poor manual coordination. Patients on anticoagulant medication should probably 
be advised against this method as the negative pressure required to produce the erection 
is likely to cause hemorrhage from small vessels in the penis. Care should also be taken 
if the patient has a phimosis or scarring leading to a tight or fragile foreskin, as this 
could split as the device is being operated. Ejaculation usually occurs normally, but if 
the constriction ring is too tight, it may be impeded. The patient should use the largest 
size ring that maintains tumescence, and some patients become adept at loosening the 
ring manually just before ejaculation. 

ACCEPT ABILITY 

There are a number of different devices available that work on the vacuum principle, 
and from patient surveys (43) it seems that the type of system described above is gener­
ally preferred to the alternative, in the form of a rigid synthetic condom that remains in 
place during intercourse. The most common complaints from patients and their partners 
about the use of vacuum devices are that they are cumbersome and intrusive. They can 
also be quite expensive for the patient, especially when they are not available on pre­
scription or through insurance schemes. This does not make sense in health economic 
terms, as the cheapest vacuum device is equivalent in cost to only 12 injections ofPGEl. 

Surgical Approaches 

REVASCULARIZATION TECHNIQUES 

Various procedures have been used to increase the blood supply to the penis, with 
very variable degrees of success (44). The absence of diabetes is often quoted as one of 
the criteria of suitability for such vascular reconstructive surgery. 
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PENILE PROSTHESES 

Surgical approaches can restore potency effectively in some patients, but with this 
method a successful outcome depends even more on careful selection of patients who 
do not have unrealistic expectations. 

Indications As most men with neuropathic erectile dysfunction respond weH to 
intracavernosal injections and as those whose problems are complicated by vascular 
disease can successfuHy use a vacuum device, it should only be a minority of patients 
who need to consider surgery. The implantation of the prosthesis destroys the corpus 
cavernosum, so return to physiological erectile function is impossible thereafter. This 
must be explained c1early to patients, especially those with a large psychogenic compo­
nent that makes their dysfunction potentially reversible. Men with irreversible organic 
erectile dysfunction who have found less invasive methods unsuitable and those with 
long-standing psychological causes that have not responded to appropriate treatment 
might benefit from a prosthesis. In a large series of 3884 men who have undergone this 
operation (45), diabetes was the most common etiological factor, accounting for over 
25 % of the total. 

Acceptability The simplest type of prostheses commonly offered to patients consists 
of malleable or mechanically hinged pairs of rods. These provide sufficient rigidity for 
penetration, but no increase in penile girth and the penis can not return to a flaccid state. 
The inflatable prosthesis, consisting of a pair of cylinders with a pump and reservoir 
that are sited within the scrotum, provides an erection that better approximates normal. 
This is generally preferred by patients (46), but the simpler devices have the advantage 
of being cheaper and more reliable. It is vitally important that patients are c1early 
informed about what they can realistically expect a prosthesis to achieve for them, as 
they may have been given an over-optimistic view by media reports that surgery will 
restore normal potency. After careful assessment and explanation, Cumming and Pryor 
(47) found that only 16% of patients enquiring about the possibility of a prosthesis 
decided to proceed with implantation. 

Outcome Successful outcome is marred by a complication rate as high as 36% in 
some series (48). Complications inc1ude penile necrosis (49) perforation of the tunica 
albuginea or urethra, protrusion of the prosthesis through the glans, and urinary reten­
tion. However, the major complication leading to failure of the prosthesis and subse­
quent removal is infection. There is some evidence that this is more likely in diabetic 
patients (47). In a study of 130 implants, the prosthesis needed to be removed for infec­
tion or was extruded in 30% of the diabetic patients, compared with 17% of the patients 
with nondiabetic vascular disease and 7% with nondiabetic neurogenic causes. Despite 
this, most men who undergo the procedure are satisfied with the outcome. Steege (50) 
found that 90% of patients did not regret the operation, despite recognizing that it did 
not fuHy restore sexual function or satisfaction. It is also important to take the partner's 
feelings into account when considering a prosthesis. One of the few studies to look at 
partner satisfaction (51) found that 42% were totally satisfied with the implant. Those 
who had not been involved in the decision were more likely to be dissatisfied, and only 
20% of partners had been interviewed preoperatively. 

Psychological Treatments 
Despite the proven efficacy of the pharmacological, mechanical, and surgical 

approaches, there is still a useful place for psychological therapies. In cases where psy-
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chogenic factors are the main cause of the dysfunction, where they are affecting the suc­
cess of physical treatments, or where relationship issues are important, it is essential to 
be able to offer a range of appropriate psychological interventions as part of the treat­
ment plan. 

PERFORMANCE ANXIETY 

This is most effectively treated using modifications of the Masters and Johnson sen­
sate focus therapy (52) as summarized by Bancroft (2). This is a cognitive-behavioral 
treatment program in which couples are given "homework" assignments designed to 
overcome performance anxiety. The first stage entails nongenital touching, caressing, 
massage, and communication. This progresses to a stage including genital stimulation, 
still without any attempt or pressure to achieve intercourse. In this way, confidence is 
built up until the stage in which vaginal containment of the penis without movement is 
possible. If this is successful, intercourse can be re-established. This pro gram can be 
highly effective (53) in patients in whom the organic component of the dysfunction is 
mild, but its success is much more limited in those with moderate or severe neuropathy 
or vascular disease. 

COGNITIVE F ACTORS 

The success of both physical and psychological treatments can be affected by the 
patient's thoughts, attitudes, and beliefs about their sexual function. Techniques of cog­
nitive therapy (54) can be used to help the patient identify, challenge, and change the 
negative cognitions that undermine his attempts to tackle the situation. Sometimes the 
psychological stressors involved in chronic illness need to be addressed. Bullard (55) 
identified altered body image, adopting the "patient" role, fears of rejection by a part­
ner' guilt, anxiety, depression, and anger as some of the common issues that patients 
face in adapting to their illness. All of these can be significant in the causation and per­
petuation of sexual dysfunction, and need to be dealt with in the process of counselling 
the patient and his partner. 

COUPLE THERAPIES 

Where there is significant conflict and hostility in the relationship it is unlikely that 
either physical or simple psychological treatments will restore harmonious sexual func­
tion to the couple without some attention to the underlying interpersonal difficulties. 
Couples may need a form of therapy that takes into account the altered balance in a rela­
tionship between the sick and the healthy partner, with all the fears and resentments that 
may arise in dealing with chronic illness. 

SEXUAL PROBLEMS IN WOMEN WITH DIABETES 

The sexual problems of women with diabetes have attracted much less attention than 
those ofmen (56), possibly because impaired arousal in women does not preclude inter­
course as definitely as erectile failure does in men. The female equivalent of neuro­
pathic erectile dysfunction would be impaired arousal, with reduction in vaginal 
lubrication and vulval tumescence. Many women who suffer from mild degrees of these 
symptoms do not consult their doctors, but use self-administered treatment with vaginal 
lubricants. 

Some controlled studies have found evidence of impaired arousal in diabetic women 
(57,58), but not to such a degree that caused problems. There is also some evidence that 
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Fig. 2. Investigation and treatment of sexual problems in diabetic patients. 
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women with autonomic neuropathy are more likely to suffer from vaginal dryness (58), 
but other studies have not found this (57). 

More global and nonspecific sexual dysfunctions in diabetic women, including low 
libido and dissatisfaction with the sexual relationship were reported by Schreiner-Engel 
(59). These were more commonly seen in type 11, non-insulin dependent patients and 
were related to factors such as menopausal status and relationship quality rather than to 
complications of the diabetes. Leedom et al. (60) also found that sexual dysfunction in 
women with diabetes was more closely linked to depression than to factors directly 
attributable to the disease processes of diabetes. 

In the assessment of sexual dysfunction in women with diabetes, it is therefore 
important to take a wide view of the many factors that may be involved, not forgetting a 
review of the drug history, as women mayaiso be subject to side effects including 
impairment of arousal caused by commonly used drugs such as beta blockers. 

SUMMARY AND CONCLUSIONS 

The assessment and treatment process can be summarized in Fig. 2 (61). It is clearly 
important to integrate medical, psychological, and surgical expertise to give diabetic 
men with erectile dysfunction the best possible service. How this can be achieved in a 
busy diabetes clinic has been addressed by Alexander (62), but there is still reluctance 
in some services to even include an enquiry about sexual function in the routine review 
of possible diabetic complications (63). Diabetes physicians and specialist nurses may 
still feel that such inquiries are intrusive and embarrassing, or may not be aware of the 
rapidly growing range of treatment options. In services that need to be ever more aware 
of the costs of treatment, there may be some reluctance to uncover symptoms of sexual 
dysfunction that patients might not mention spontaneously. This is unfortunate, because 
most patients benefit from at least discussing the options for treatment, even if they 
decide not to proceed. Some couples find that they can evolve an enjoyable range of 
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nonpenetrative sexual activities, where mutual orgasm is possible despite the absence of 
erections. The skill involved in the management of sexual dysfunction in diabetes lies in 
helping the patient and his partner to choose a treatment option that they find acceptable 
for their circumstances and that takes into ac count the underlying pathology. 
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INTRODUCTION 

Gastrointestinal symptoms are common among diabetic patients (1), although this is 
also true for the general population. In fact, it is not established by appropriate popula­
tion studies whether the prevalence of gastrointestinal symptoms in diabetic patients is 
actually increased. What is clear is that a segment of the diabetic population presents 
gastrointestinal symptoms that can be related to specific physiologic gut dysfunctions. 
Interestingly, some diabetic patients without gastrointestinal symptoms may sometimes 
evidence physiological abnormalities (such as gastric stasis or anorectal dysfunction) at 
the subclinicallevel (2). One reason why it is so difficult to ascertain whether diabetic 
patients have more symptoms referable to the digestive tract than the general population 
is because the nature of the symptomatology, which coincides with that of individuals 
with common functional-type abdominal disorders. Only when gastrointestinal symp­
toms in a diabetic can be attached to a specific physiological abnormality caused by 
neuromuscular dysfunction is the clinician reasonably certain that he or she is dealing 
with a gut diabetic syndrome. Unfortunately this is not usually the case for most dia­
betic patients complaining about gastrointestinal symptoms in whom the relation 
between the diabetes and their digestive ailment remains presumptive at best, since 
physiological studies are only undertaken in patients with severe and disabling symp­
toms. Clinicians should, therefore, refrain from ascribing digestive symptoms to dia­
betes without further evidence than simple association. 

For the purpose of the present analysis, I will separately review symptoms that 
appear to arise from specific segments of the gastrointestinal tract. However, it should 
be clear that abnormalities and symptoms in diabetic patients are often diffuse or multi­
focal. Thus, although in a given patient an esophageal syndrome, for example, may be 
the most apparent manifestation, a detailed history may elicit other evidence of gas-
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Region 

Esophagus 

Stomach 

Small bowel 

Colonlanorectum 

Malagelada 

Table 1 
Diabetic Gut Motility Disturbances 

Motor Disorder 

Weak peristaltic waves 
Uncoordinated contractions 
Reduced c1earance 
Postprandial antral hypomobility 
Gastro-pyloro-duodenal 

incoordination . 
Neurogenic-type dysmobility 

Incoordination 

Typical Clinical Manifestation 

Dysphagia 
Reflux-like symptoms 

Nausealvomiting 
Gastric stasis 

Abdominal pain and distention 
Diarrhea 

Constipation or diarrhea 
Incontinence 
"Low volume" diarrhea 

trointestinal dysfunction elsewhere such as incontinence, or alterations in bowel habit, 
and so on (Table 1). 

The nature of gastrointestinal symptoms in diabetic patients is also likely to evolve 
over time. It is not unusual for a given patient to focus the complaints on a certain region 
of the gut and replace it sometime later by symptoms that appear to arise from another 
part of the gastrointestinal tract. The reason for this "moving pattern" of symptoms is 
unknown, but it may weH be because of the evolving nature of the neuromuscular 
abnormalities secondary to the diabetes. Thus, as visceral neuropathy and associated 
abnormalities progress, different regions of the gut become affected and also, as differ­
ent neural fibers are damaged, the type of dysfunction in one given region also changes 
overtime. 

The mechanism of gut disturbances in diabetic patients has been the subject of exten­
sive investigation for the last several decades but remains largely unelucidated. Visceral 
neuropathy was recognized very early as a key factor, and it continues to be considered 
(largely based on its analogy to peripheral neuropathy) the main pathogenic distur­
bance. It is probably responsible for alterations in gut motility, absorptive function, and 
visceral sensation (3,4). Experimental models of diabetes in rats also show neuropathic 
changes (5). However, other factors may also be involved. In recent years, metabolic 
and hormonal disturbances, chiefly hyperglycemia, and variations in insulin and 
glucagon release have been shown to be important. In addition, there may be secondary 
metabolic changes, such as dehydration, hypokalemia, long-term vascular changes of 
the gut itself (microangiopathy), whereas secondary disturbances to physiological 
derangement, such as small-bowel bacterial overgrowth, may develop. 

One aspect still uncertain is the participation of smooth-muscle abnormalities. Elec­
trophysiological studies of smooth-muscle tissue obtained from diabetic patients with 
gut dysmotility have shown normal morphology and function. These findings would 
suggest that muscle dysfunction is caused by abnormalities in control mechanisms 
rather than to muscle-ceH dystrophy. Moreover, these patients are likely to respond to 
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prokinetic drugs (at least acutely), which would seem to further corroborate the integrity 
of the smooth-muscle tissue. However, other investigators have described damage to 
smooth-muscle cells or replacement by connective tissue, perhaps as a result of long­
term ischemic changes. 

ESOPHAGEAL SYMPTOMS 

Severe esophageal symptoms are relatively uncommon among diabetic patients and 
yet, esophageal motor dysfunction is demonstrable in a substantial number of diabetic 
patients. Esophageal symptoms may be grouped around two key complaints: heartburn 
and dysphagia. Heartburn is considered to be a fairly specific symptom for gastroe­
sophageal reflux, although sometimes it may be produced by motor disturbances in the 
body of the esophagus rather than by acid. Dysfunction of the lower esophageal sphinc­
ter (LES), either reduced basal pressure or increased transient esophageal relaxations, or 
both, has not been documented as a complication of diabetes. Therefore, there is no spe­
cific mechanism for increased reflux except in patients with concomitant gastroparesis. 
The latter would result in gastric stasis, and indirect1y favor esophageal reflux. Given 
the high preva1ence of symptomatic esophageal reflux in the general population, the 
symptom of heartburn in most diabetic patients may just be co in eiden tal. In certain 
patients it may caused by medications such as anticolinergics or ca1cium-channel block­
ers used for other medical problems. 

Dysphagia in the absence of mechanical impediment is usually caused by a motor 
dysfunction in the esophagus. However, as indicated earlier, most manometrie abnor­
malities found in diabetic patients are, in fact, asymptomatic. The esophageal dysmotil­
ity observed at manometry usually consists of multiple wave complexes associated with 
sporadic tertiary contractions, absence of primary peristaltic waves, and delayed 
esophageal clearance (6,7). These abnormalities should be regarded mostly as nonspe­
cific and it has been even suggested that they may have psychosomatic origin (8). In 
general, the lack of specificity and the poor correlation with symptomatic expression, 
casts doubt over their actual significance. 

It should be apparent from the above discussion that in-depth investigation of 
esophageal function should be reserved either for patients with protracted reflux-type 
symptoms or clear-cut dysphagia (Fig. I). In such patients, particularly if there is asso­
ciated peripheral neuropathy or other signs of visceral neuropathy (9), it may be appro­
priate to conduct an evaluation to establish whether symptoms and disturbances are 
interrelated. For this purpose, a radiographie study with barium may be too insensitive 
and therefore not particularly helpful. It may be more appropriate to perform, first, an 
endoscopic examination to exclude the presence of a structurallesion or mucosal dis­
ease. In patients with predominant symptom dysphagia, if endoscopy is negative or only 
minimal changes are observed, it would be pertinent to perform an esophageal manom­
etry, to assess motor activity of the esophagus, and perhaps also a scintigraphic study to 
measure esophageal transit and residual clearance. Patients with the primary symptom 
heartburn would require first, an endoscopic examination and then, either a trial with a 
potent antisecretor (a proton-pump inhibitor or high-dose H2 blocker) or, in more com­
plex clinical situations, a 24-hr pHmetry to establish the presence of excessive gastroe­
sophageal reflux. 
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Diabetic gastroparesis was recognized very early as aprevalent disorder among dia­
betic patients, even asymptomatic (2,10). Later studies indicate that up to one fifth of 
the symptomatic diabetic patients have radiological evidence of stasis (1). On the other 
hand, others have not been able to confirm this high prevalence and, on the contrary, 
claim that the overall incidence of clinically significant gastroparesis among unselected 
diabetic patients is less than 1 % (11). Therefore, it is apparent that the correlation 
between physiologic abnormalities and symptoms is quite variable. 

Diabetic gastroparesis must be regarded not only as a disorder of gastric motility but 
also of small-bowel motility (12). Indeed, physiological studies show that the duode­
num and the proximal small bowel play an important function in the regulation of gastric 
emptying. From this perspective, diabetic gastroparesis would represent a multifocal 
gut motility dis order involving decreased gastric tone, decreased antral propulsive 
activity, pyloric-gate dysfunction and disorganized motor activity in the proximal duo­
denum and small bowel (10,13,14). In brief, it represents a combination of decreased 
pump activity and increased outlet resistance. The motility abnormalities may be evi­
dent both during fasting and postprandially. Gastric activity is normally associated with 
the interdigestive migrating motor complex and its absence may be responsible for 
accumulation of undigestible debris in the stomach and formation of bezoars, which is 
not uncommon in diabetic gastroparesis. Impaired or uncoordinated postprandial motil-
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ity may be responsible for the typieal delay in gastric evacuation of a meal and gastric 
stasis. Manometrically, the most common abnormalities encountered are antral hypo­
motility and a disorganized fed pattern in the small bowel. Phasic and tonic motor 
abnormalities may be responsible for the wider antrum observed ultrasonographieally 
after ingestion of a meal (15). 

The pathogenesis of the above abnormalities in the diabetic gut are still unc1ear, but 
autonomie neuropathy definitely plays a major role (16). Vagal dysfunction, both affer­
ent and efferent, may be involved (15), and there is some anatomic pathologic evidence 
of neuropathic vagallesion. However, loss of sympathetic inhibitory break: mayaiso be 
responsible, particularly for the uncoordinated bursts of nonpropagated activity often 
observed in the small bowel (12). There is also evidence that gastric dysrhythmia is 
common in the stornach of patients with diabetic gastroparesis, but we do not know 
whether these myoelectrical disturbances are primary or secondary. There is even the 
possibility that gastric dysrhythmia may be caused by central efferent activity brought 
about by nausea (17). Hormonal abnormalities mayaiso be involved. Motilin, in partic­
ular, is receiving attention because of the effectivity of motilin agonists in acutely 
stimulating gastric emptying in patients with diabetic gastroparesis. However, no c1ear 
evidence of motilin receptor downregulation or impaired motilin release has been 
obtained so far. Hyperglycemia is another factor that has been intensely studied in 
recent times. It appears that even small elevations in glycemia may decrease gastric 
propulsive activity, but again whether this is a direct effect of elevated glucose levels or 
caused by associated neurohormonal changes is unknown (18). 

The symptomatic expression of diabetic gastroparesis typically consists of episodes 
of nausea and vomiting that may occur either during fasting or postprandially. Diabetic 
gastroparetic patients often experience intense bouts of nausea and retching with expul­
sion of mucoid or bilious material in the moming before ingesting any food. These 
bouts are sometimes associated with epigastric pain. Other patients present manifesta­
tions of postcibal gastric stasis and their symptoms are exacerbated by eating, whereas 
vomiting of large quantities of retained food and secretions are also present. Rarely, 
there is vomiting of food ingested a day or more previously. At the other end of the 
spectrum, patients with milder manifestations of the gastroparesis syndrome manifest 
only dyspeptie-like symptoms such as frequent belching, early satiety, and epigastric 
fullness. Physical examination in diabetic gastroparesis usually does not reveal any 
abdominal sign. Occasionally, a gastric splash may be detected in patients with pro­
found gastric stasis, but this is quite exceptional. 

The episodes of nausea and vomiting that characterize typieal diabetie gastroparesis 
tend to follow a variable course. In some patients the symptoms may be self limited 
after a few days or weeks, whereas in others the symptoms are unrelenting, and still in 
others, the symptoms follow a recurrent path. The manifestations of the gastroparesis 
syndrome may be aggravated by poorly controlled diabetes and episodes of diabetic dis­
compensation associated with acidosis. Given the etiology of gut disturbances, it is not 
surprising that peripheral neuropathy, severe retinopathy, nephropathy, and signs of 
autonomie dysfunction such as orthostatic hypotension and sweating defects are often 
present in severe gastroparetics. Occasionally, however, relatively mild adult-onset dia­
betic patients without any evidence of systemic complications present with gastropare­
sis syndrome. 
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The consequences of severe gastroparesis are important. They inc1ude dehydration 
and electrolyte abnormalities because of vomiting and, in protracted cases, malnutrition 
and poor control of the diabetes. It is also pendent to take into account the possibility of 
focal gut complications, most typically Mallory-Wise tears or severe erosive esophagi­
tis, brought about by recurrent vomiting and retching. 

The evaluation of the diabetic patient with suspected gastroparesis should follow a 
pre-established plan (Fig. 2). First, it is important to establish that the symptomatology 
is not caused by associated mucosal disease (for instance peptic ulcer) or mechanical 
impediment to gastric emptying. Upper gastrointestinal radiology may be an effective 
method to pick up obvious gastroparesis in a symptomatic patient by showing gastric 
dilatation and stasis, thus prec1uding the need to perform a more complex physiological 
assessment of gastric motor function. However, upper gastrointestinal endoscopy is also 
mandatory and, in most instances, the first choice test. It can detect relevant abnormali­
ties that may have been overlooked by barium studies, such as a small pyloric-channel 
ulcer. In asense, therefore, both imaging methods are complementary, but of the two, in 
my opinion, endoscopy cannot be dispensed with. Most sophis-ticated imaging methods, 
such as nuc1ear magnetic resonance or computerized tomography of the abdomen may 
be appropriate in doubtful cases, particularly when there is suspicion of a retroperi­
toneallesion or thickening of the gastrointestinal wall. Along the same lines, endo­
scopic ultrasonography may also be helpful when there are doubts as to the presence of 
a submucosallesion. 

Once it has been established that the symptoms are not caused by obstructive or 
inflammatory process, it is important to consider obtaining physiological assessment. 
One reason for taking this instrumental approach is that unlike, for instance, gastroe-
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sophageal reflux symptoms, there are no consistently effective drugs that could be used 
for a therapeutic trial of gastroparesis. Therefore, if symptoms are attributed to a physi­
ologieal derangement secondary to diabetes, motor activity will have to be measured to 
support the contention. 

Which should be the first specific test to perform requires individual consideration. 
In symptomatic patients with gross evidence of stasis (such as radiologieal evidence of 
contrast pooling in the stomach or the finding of food retention at endoscopy after pro­
longed fasting); there is probably no need to measure gastric emptying. By contrast, in 
those patients in whom there is no apparent abnormality, it may be important to estab­
lish first whether there is or not a delay in gastrie emptying. For this purpose, 
radioscintigraphic gastric emptying tests continue to be the most reliable and well con­
trasted. A single-isotope semisolid or liquid meal test may suffice but, if the technology 
is available, a dual-marker solid- and liquid-test is more informative and accurate (19). 
A subtle and potentially useful sign of diabetic gastroparesis is the loss of normal dis­
crimination between solids and liquids. In general, solid emptying is impaired to a 
greater extent than liquid emptying. In fact, liquid emptying may be faster than normal 
in some patients (20). Therefore, if a single-marker technique is to be used, asolid 
marker should be preferred (21). Ultrasonographic methods for measuring gastric emp­
tying have also been described, but they are limited to liquid-test meals. Radiographi­
cally opaque solid pellets are another possible approach, and this technique may be 
particularly valuable in its simplicity, but it is also unlikely to have comparable sensi­
tivity to the test-meal radioscintigraphic test. Interestingly, in some diabetic patients 
who are asymptomatie and present no c1inical evidence of autonomie neuropathy, gas­
tric emptying of solids has been found to be acce1erated rather than delayed (22). 

Manometry is a useful diagnostic method in the context of diabetes with c1inical sus­
picion of gastroparesis, but it is restricted to specialized centers. It is usually performed 
by an intubation with a multitube perfusion assembly provided with several pressure­
sensitive ports. A group of c10sely spaced openings is located across the pylorus for 
measurement of distal antral, pyloric, and proximal duodenal activity (13,14). In 
addition, there should be additional ports in the duodenum and proximal jejunum for 
assessment of intestinal motor responses. The test ideally should combine fasting and 
postprandial observation periods. During fasting, the test evaluates the presence and 
configuration of interdigestive migrating motor complexes. As indieated earlier, 
absence of phase-three activity appears to be a sign of impaired evacuation of indi­
gestible solids from the stomach. However, it is also true that reliable evaluation of 
interdigestive motor activity requires very long recording sessions. These are best per­
formed at night or, alternatively, employing an ambulatory, nonperfused manometric 
system. In any case, the most sensitive feature of the manometric test is the demonstra­
tion of antral hypomotility after ingestion of a solid-test meal. The hypomotility is char­
acterized by decreased frequency of phasic press ure waves and, in some instances, there 
is also reduced wave amplitude or absence of waves. 

Additional evidence of upper-gut dysmotility inc1udes abnormalities in pyloric func­
tion ("pyloric spasm") and the presence of a disorganized motility pattern in the proxi­
mal small bowel either during fasting, postprandially, or both (13). These intestinal 
abnormalities may be important in deciding whether gastric surgery is to be considered 
for a patient particularly resistant to medieal therapy, because anastomosing a residual 
gastric stump to a neuropathic small bowel poses evident dysfunctional risks. 
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Whether electrogastrography adds to the diagnostie assessment of gastroparetie 
patients is questionable. Gastric dysrhythmias have been demonstrated in many patients 
with diabetie gastroparesis, but these have tended to be severely symptomatie cases 
(23). Again there are doubts as to whether nausea could have induced the dysrhythmia 
because direct central stimulation, for instance, via gyroscopic exposure may induce 
both nausea and dysrhythmia in healthy volunteers. Thus, electrogastrography at pre­
sent may not be a reliable enough method to establish a diagnosis, even though its non­
invasiveness makes it c1inically attractive. Moreover, there is no known benefits of 
attempting to reverse gastric myoelectrical disturbances with antiarythmic drugs. 

DIABETIC DIARRHEA 

Chronic diarrhea associated with diabetic mellitus has been long recognized as a 
potential complication of the disease, although as commented for other gastrointestinal 
symptoms in diabetic patients, there is also the possibility of fortuitous and unrelated 
coincidence. Typieally, diabetie diarrhea is watery, tends to occur in sudden bursts, and 
it is often preceded by abdominal cramps. It also has a preference for nocturnal episodes 
that may be accompanied by urgency and even incontinence (see later). The diarrhea, 
when it is reported to a referring physician, is usually severe and disabling, and common 
antidiarrheal remedies have usually been tried beforehand. 

Similarly to the gastroparesis syndrome, symptoms of diabetic diarrhea may be self­
limited and disappear after days or weeks. On the contrary, they may also become 
chronic or relapsing, and last for years, causing significant dis ability . As in functional 
gut disease, it is not uncommon for the episodes of diarrhea to alternate with constipa­
tion or to be combined with other manifestations of gut diabetie involvement, such as 
gastroparesis or dysphagia. Exceptionally, diabetic diarrhea may present as a malab­
sorption syndrome with steatorrheic stools and malnutrition. 

The pathophysiology of diabetic diarrhea is no better understood than the pathophys­
iology of other diabetic gut disturbances. Although undoubtedly multifactorial, visceral 
neuropathy appears to be a key factor. Indeed, neuropathologie alterations in splanchnic 
nerves and ganglia have been described (24,25). Moreover, altered intestinal motility 
associated to diabetic diarrhea, produces patterns that are similar to those observed in 
patients with postganglionie sympathetie lesions. However, it is unlikely that neuro­
pathie changes are limited to sympathetie structures. Other anatopathologists have 
observed alterations in the myenteric plexus and, in a model of experimental diabetes in 
rats, diarrhea appears to be related to alteration in both the cholinergie and adrenergic 
innervation of the bowel (26). Adrenergic dysfunction may be responsible for altered 
fluid absorption and, indeed, the secretory component, in addition to the motor distur­
bance, is an important element of diabetic diarrhea in the rat model and probably in 
humans as well. This feature is also consistent with reports of effective use of alpha­
adrenergic agonists in diabetic diarrhoea (see subheading entitled "Treatment"). 
Another relevant factor may be diabetic mieroangiopathy of the intestinal wall (27), 
whieh would alter the normal vascular flow to the gut and induce secondary mucosal­
ischemie abnormalities. 

Secondary disturbances brought about by intestinal dismotility may playaprominent 
role in diabetie diarrhea. Bacterial overgrowth in the small bowel is arelevant abnor­
mality that appears to result from both alteration of intestinal transit and impairment of 
defensive factors. The contribution of bacterial overgrowth to diabetic diarrhea, how-
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ever, is very variable and only some patients experience symptomatie relief when 
treated with the appropriate antibiotics. Bile-acid malabsorption is another secondary 
factor, but again, response to bile-acid-binding agents is somewhat erratie. Finally, 
exocrine pancreatic insufficiency may be associated to diabetes mellitus, although the 
magnitude of the exocrine defect in most patients is not sufficient to be c1inically rele­
vant. It is known that, because of the large pancreatic exocrine reserve, only a profound 
diminution (90-95%) of pancreatic lipase secretion will result in significant steatorrhea. 

The diagnostic process to follow in suspected diabetie diarrhea must be cautious and 
restrained, especially with regard to selection of appropriate diagnostic tests, to achieve a 
reasonable cost-benefit balance (Fig. 3). Currently, we favor a combination of diagnos­
tic procedures and short therapeutic trials. As in any other instance of chronic diarrhea, 
it is important to first exc1ude structural abnormalities by the appropriate radiographie 
and endoscopic studies. The latter are particularly suited to evaluation of the distal small 
bowel, which is difficult to access by standard endoscopy. On the other hand, 
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endoscopy is preferable to X-ray techniques in that it may allow one to obtain small 
bowel or colonie biopsies, sometimes useful in elucidating challenging cases. If the 
above imaging tests are unrevealing, a sensible therapeutic trial would be to administer 
a short course of antibioties (tetracyclin, clarithromycin, or metronidazole) to eliminate 
potential bacterial overgrowth and to assess the clinical response. If negative, at this 
point it would be advisable to proceed with a 72-hr stool collection for determination of 
stool volume and fat content (28). Frank steatorrhea should be further investigated by 
obtaining a small-bowel mucosal biopsy (if not done previously at endoscopy, and/or a 
pancreatic exocrine function test. The latter may sometimes be obviated by performing 
a therapeutic trial with pancreatic enzymes, which is simpler than conducting a formal 
pancreatic function test that may not be available at all institutions. Nevertheless, a 
number of noninvasive pancreatic tests have become commercially available, and these 
tend to be more commonly accessible than the traditional intubation tests. 

In particularly resistant and severe cases of diarrhea, it may be appropriate to perform 
a small-bowel manometry test to determine whether there is disruption of normal motil­
ity patterns indicative of neuropathie dysmotility. Typieal abnormal findings would be 
incoordination, disperse bursts of activity, or failure to convert a fasting into a fed pat­
tern. All of these would be consistent with neuropathie pseudo-obstruction. Usually the 
amplitude of the waves is normal. Although effective pharmacologic therapy may not 
be available, evidence of profound disorganization in small-bowel motility may help 
inform both patient and physieian that neuropathic dismotility is responsible for the 
bowel disturbances. 

CONSTIPATION ASSOCIATED WITH DIABETES 

Even to a greater extent than for diarrhea, it is diffieult to establish in a partieular 
patient whether constipation is directly related to diabetes mellitus, because constipa­
tion is very prevalent among the general population. Nevertheless, in some reported 
series of patients with diabetic neuropathy, constipation was found to be a highly preva­
lent symptom. Moreover, there indeed appear to be some patients in whom, primarily as 
a result of autonomic dysfunction, there is a profound alteration in colonie motility 
resulting in delayed transit and the clinieal feature of severe constipation (1 ). One study 
has provided evidence that there is impaired gut-reflex activity (blunted postprandial 
gastrocolonic response) in diabetic patients with severe constipation (29). 

The usual clinieal presentation is constipation severe enough to motivate physician 
consultation or referral to a subspecialist. In some patients, constipation may alternate 
with diarrhea, as it does typieally in the irritable-bowel syndrome. More rarely, there are 
morphologie changes such as megacolon or megasigmoid, demonstrable by radiologie 
studies or at endoscopy (30). 

Diagnostic evaluation should be conducted judiciously and also the extent of the 
diagnostic work-up should be proportionate to the severity and clinieal impact of the 
problem. Mild cases may be simply treated with appropriate corrective measures, with­
out further investigation (Fig. 4). 

For patients presenting with a relatively recent change in bowel-movement habit, 
standard procedures such as digital rectal examination, test stools for occult blood, 
proctocolonoscopy, or other imaging techniques, depending on availability and individ­
ual circumstances, are mandatory to exclude colonic neoplasia. Special procedures to 
consider include evaluation of colonie transit by radioscintigraphy or by radio-opacque 
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pellet markers. Although these semiquantitative methods provide some information 
about regional colonic dysfunction, there are no data specifically relating to a diabetic 
population and we do not know the actual c1inical usefulness of measuring colonic tran­
sit in this context. 

FECAL INCONTINENCE 

This is a major and most bothersome complication of diabetie gut involvement (1). 
As indieated earlier, incontinence may derive from significant diarrhea but, quite often, 
diabetic patients present independent anorectal motor dysfunction that is directly 
responsible for either fecal incontinence or "small volume" diarrhea. The latter is char­
acterized by frequent expulsion of very small amounts of semi-liquid fecal material, 
whieh is quite typieal of diabetic anorectal dysfunction. 

The pathogenesis of anorectal dysfunction is, like other gut motor disorders in dia­
betic patients, causally related to autonomie neuropathy. In addition, to dysmotility 
there is evidence of impaired afferent nerve function, that produces a higher threshold 
for conscious rectal sensation to distension. This may lead to brain-bowel discoordina­
tion, and aggravates the problem (3). 

Physiological investigation may reveal disturbed external sphincter function and 
decreased basal- and squeeze-pressure generated by the anus. Incontinent diabetic 
patients tend to show abnormal levels in basal pressure, suggesting an abnormal internal 
anal sphincter function (31). They also manifest impaired continence to either solid or 
liquid material infused intrarectaly. 

In the c1inical evaluation of diabetic incontinent patients it is most important to estab­
lish the differential diagnosis between diarrhea-associated incontinence and the previous 



254 Malagelada 

described "low volume" or "false" diarrhea. In true diarrhoea, 24-h stool weights are 
higher than normal, whereas in the latter they are within normal limits (31). A rectal 
manometric study combined with a test of continence can be quite useful in the evalua­
tion of these patients with suspected anorectal dysfunction. Manometry provides data 
about basal-sphincter pressure and squeeze-sphincter pressure. It is also appropriate to 
test for adequacy of the recto-anal inhibitory reflex and for conscious rectal sensitivity to 
balloon distension. Continence can be directly assessed by techniques employing stan­
dard solid spheres or liquids placed intrarectaly (32). Such physiological assessment will 
often provide information about the mechanism of incontinence, but it cannot guarantee 
a predictive value in terms of therapeutic response to biofeedback or drugs (33). 

TREATMENT 

The treatment of c1inical gut syndromes associated with diabetes mellitus is largely 
symptomatic and palliative, since gut dysfunction derives primarily from the neuromus­
cular complications of diabetes mellitus. 

The only truly effective etiologic treatment would be to cure the diabetes. Short of 
this ideal and mostly unattainable goal, a good metabolic control should be a priority 
target, particularly in light of physiological studies suggesting that hyperglycemia 
and associated systemic neurohormonal disturbances may aggravate gastrointestinal 
dysmotility. 

In upper-gut motor disorders, both prokinetics and gastric antisecretory agents have a 
therapeutic place. Antisecretors, particularly the potent proton-pump inhibitors, are 
helpful to treat both the symptoms and esophageal lesions derived from pathological 
gastroesophageal reflux (as well as esophagitis secondary to retching and vomiting). 
They mayaiso be used appropriately in gastroparesis with vomiting as adjuvant agents 
to prokinetics, because they reduce the volume of gastric juice and help prevent gastric 
overexpansion. 

In the setting of acute gastroparesis with retracted vomiting and severe stasis, naso­
gastric suction may be needed to attain symptomatic controL At the same time, iv drug 
treatment should be started. Metoc1opramide may be helpful in this acute setting 
because of its central antiemetic effects, although care should be taken not to administer 
it too rapidly as a bolus, because it may induce abrupt restlessness and anxiety. 
Erythromycin is a macrolide antibiotic with strong upper-gastrointestinal prokinetic 
effects when given iv in repeat boluses of 100 to 200 mg every few hours (34). It acts as 
a motilin agonist and induces potent activity fronts that help c1ear the stomach of 
retained content. This drug seems to be less helpful when used chronically in oral form, 
although a number of macrolide derivatives, deprived of antibiotic action but retaining 
prokinetic effect, are currently under development. 

Cisapride is a prokinetic benzamide active in oral form at a daily dose of 30 to 40 mg, 
which has a sustained therapeutic action and scarce side effects (10). Antidopaminergic 
agents, such as metoc1opramide and levosulpride, mayaiso be helpful because of their 
central antinausea effects and because the inhibitory action of hyperglycemia on gastric 
motility may be partially mediated via dopamine receptors (35). In refractory gastro­
paresis, surgical placement of a jejunostomy tube to bypass the gastric reservoir and 
deliver fluid and nutrients direct1y into the intestine may he1p overcome disability and 
improve subjective appreciation of overall health status (36). 



Chapter 15 / Gastrointestinal Disorders 255 

Treatment of intestinal disorders depends largely on correcting specific defects. In 
diabetic diarrhea, I have already alluded to the practical value of certain empiric trials 
with antibiotics (for bacterial overgrowth) and/or pancreatic enzymes (for pancreatic 
exocrine insufficiency). Obviously these therapies need to be applied long term (cyc1i­
cally in the case of antibiotics) when there is confirmation of efficacy. Whenever there 
is a component of steatorrhea, a low fat diet is a useful adjuvant measure. 

Otherwise, treatment of diabetic diarrhea is based on the empiric use of antidiarrheal 
agents chiefly loperamide, an opioid agonist that poorly crosses the blood-brain barrier 
and, therefore, has a predominantly peripheral action. Doses need to be adjusted 
depending on response. From 2 to 8 mg daily is the most common dosage range. When 
abdominal cramping and distension are associated with irregular bowel-movement pat­
tern, it may be necessary to associate antispasmodic agents (unfortunately of limited 
value on account of their unpleasant anticholinergic side effects and somewhat unpre­
dictable efficacy) and even prokinetics, such as cisapride, in an attempt to restore coor­
dinated propulsive activity in the small bowel. 

Severe constipation is managed empirically for the most part with bulk, stool soften­
ers, and so on. Fecal incontinence can be achallenging management problem. 
Sometimes correction of either excessively fluid stools or constipation (with fecal 
impaction) is sufficient to bring reasonable symptomatic relief. However, when there is 
markedly uncoordinated anorectal motility, incontinence may be refractory to pharma­
cological modification of transit and physical characteristics of stools. A trial of feed­
back therapy at a specialized center should then be considered, but c1inical success 
cannot be guaranteed. 
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INTRODUCTION 

Diabetes mellitus affeets nearly 15 million Amerieans and is associated with debili­
tating eomplieations that inc1ude, retinopathy, eoronary artery disease, peripheral 
vaseular disease, nephropathy, and autonomie and peripheral neuropathy (1). Reeent 
evidenee suggests that pro grams designed to inerease physical aetivity may be useful in 
the treatment and prevention of diabetes and diabetic eomplieations. In addition, all of 
the resultant eomplieations of diabetes may have effeets on exercise eapacity and phys­
ical funetion. The purpose of the present ehapter will be to review the metabolie effeets 
of exercise and physical aetivity on earbohydrate metabolism and insulin sensitivity 
with specifie referenee to the metabolie responses to exercise in patients with insulin­
dependent (lDDM) and non-insulin dependent diabetes mellitus (NIDDM). Seeondly, 
peripheral and autonomie neuropathy in diabetes will be diseussed in referenee to their 
influenee on exereise eapacity and funetion. The final seetion of this review will eon­
eentrate on exereise reeommendations for the diabetie patient (with and without neu­
ropathy) to promote health and eneourage an aetive lifestyle. 

METABOLIC RESPONSE TO EXERCISE 

Physical exercise presents the most profound ehallenge to fuel homeostasis in normal 
humans. Whole-body energy expenditure ean inerease lO-fold from rest to maximal 
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Table 1 
Fuel Reserves and Rates of Utilization Under Different Conditions in Humans 

Tissue 

Adipose tissue triacylglycerol 
Liver glycogen 
Muscle glycogen 
Blood and extra 

Approximate Total 
Fuel Reserve 

g 

16,000 
90 

350 
20 

kcal 

144,000 
360 

1400 
80 

Adapted from Newsholme and Start (9). 

Estimated Period for Which Fuel 
Store Would Provide Energy 

Minutes 0/ Marathon Running 

7143 
18 
71 
4 

exercise (2). To maintain this increased rate of energy expenditure, the performance of 
physical activity is associated with a marked increase in the fuel and oxygen needs of 
working muscles. Since the available quantities of high-energy phosphate compounds 
such as creatine phosphate (CP) and adenosine triphosphate (ATP) within muscle are 
relatively limited (26 mmol/kg wet wt CP, and 8 mmol/kg wet wt ATP), the availability 
of the necessary metabolie machinery and oxidizable substrate is a necessity for sus­
tained muscular activity. In order to meet these requirements and at the same time main­
tain the fuel and energy supply to other vital organs, major metabolie, hormonal, and 
cardiovascular adjustments are essential (see Table 1). 

Under resting conditions, glucose production matches glucose utilization, resulting 
in euglycemia as the stimulatory effects of catecholamines, glucagon, cortisol, and 
growth hormone on hepatic glucose production balance the stimulatory action of insulin 
on glucose uptake (3). However, with the onset of exercise, skeletal muscle glucose 
uptake can increase up to 28-fold depending on the intensity of the exercise (4), despite 
a decrease in insulin secretion by the beta cello It appears that catecholamines released 
from the adrenal medulla and/or nerve endings in the liver and the pancreas may be 
involved in the suppression of insulin secretion and the activation of hepatic glucose 
production (5,6). In addition to the effects of sympathetic nerve endings in the liver, a 
state of hypoinsulinemia coupled with a relative state of hyperglucagonemia in the por­
tal blood facilitates an increase in hepatic glucose output during exercise (7). The resul­
tant effect of these hormonal alterations is that blood-glucose levels remain unchanged 
during exercise of relatively short duration (Fig. 1). 

Similar to blood-glucose supply, intramuscular stores of glycogen are broken down 
to enable resynthesis of high-energy phosphate compounds. Muscle glycogen's direct 
availability to the contractile tissue eliminates the need for a circulatory response for its 
mobilization. Muscle glycogen utilization appears to be greatest at the onset of exercise 
and then as other substrates become available the rate of muscle glycogen utilization 
slows (8) (Fig. 2). As with blood-glucose uptake, the rate of muscle glycogen utilization 
will increase with increasing exercise intensity reaching maximal rates weIl above the 
maximal oxygen uptake (8). 

Furthermore, skeletal musc1e pos ses ses the capacity to derive energy from 
blood-borne nonesterified fatty acids and intramuscular stores of triglyceride. It has 
been estimated that in an individual of normal body mass and composition, the total 
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Fig. 1. Plot of change in blood glucose during 60 min of exercise at 70% of V02max in well-condi­
tioned runners. Note the early rise in glucose that results from the slight mismatch between hepatic 
glucose output and skeletal-musc1e glucose uptake. Adapted from Fielding et al. (93). 
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Fig. 2. Plot of the change in musc1e glycogen during 30 min of exercise at 70% of V02max in well­
conditioned runners. Note the greater rate of glycogen utilization during the first 15 min compared to 
the last 15 min during this bout of exercise. Adapted from Fielding et al. (93). 

body stores of carbohydrate and fat account for 2000 and 140,000 kcal of energy, 
respectively (9). Because of the enonnous difference in the amounts of these substrates 
available for energy metabolism, the coordinated process of carbohydrate and fat 
metabolism is essential for the perfonnance of prolonged muscular activity. During pro­
longed exercise and the resultant hypoinsulinemia and increased catecholamine release, 
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Fig. 3. Plot of change in the serum concentrations of nonesterified fatty acids (NEFA) (open circ1es) 
during 120 min of submaximal cyc1ing exercise and calculated rates of whole-body fat oxidation 
from indirect calorimetry measurement (filled squares). Fielding et al. (unpublished observations). 

free fatty acids (FF A) mobilized from adipose tissue become a more important energy­
yielding substrate. The process of lipolysis occurring in adipose tissue results in the 
breakdown of triglyceride to FF A and glycerol. Epinephrine further stimulates lypolysis 
in an effort to preserve circulating glucose in addition to its effect on liver-glucose pro­
duction (10). Transported in the plasma bound to albumin, FFAs are then taken up by 
contractile tissue independent of insulin, but not necessarily by simple diffusion (11). 
Sorrentino and coworkers and Stremmel have isolated FFA-binding proteins from 
plasma membranes of adipocytes, hepatocytes, and cardiac myocytes, and because anti­
bodies raised against these proteins inhibit FF A uptake, it has been hypothesized that 
FFA transport across the plasma membrane is in fact carrier-mediated (12,13). 

Oxidation of specific amino acids such as the branched-chain amino acids leucine, 
isoleueine, and valine can also be increased during exercise to a smaller extent than fat 
and carbohydrate (10-15% of total oxidized substrate) assist in ATP resynthesis (14). 
Several studies have reported that the increased amino acid oxidation during prolonged 
exercise results in an increased dietary requirement for protein in physically active indi­
viduals (15,16). 

The sequence of metabolic-fuel mobilization as outlined above can be significantly 
modified by several variables inc1uding the duration of exercise, the intensity of exercise, 
the fitness of the individual performing the exercise, and the previous nutritional state. 

ACUTE EXERCISE RESPONSE IN IDDM AND NIDDM 

Changes in glucose homeostasis in patients with IDDM in response to exercise are 
quite complex, variable, and depend upon a number of additional factors, inc1uding the 
degree of insulinization, the type of insulin used, the injection site, prior metabolie con-
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trol, the presence or absence of autonomie neuropathy, and recent food intake (17,18). 
The method of insulin replacement in patients with IDDM does not duplicate the nor­
mal secretion of insulin from the pancreas. Insulin and contractile activity constitute 
the two most instrumental stimulators for membrane transport of glucose in skeletal 
musc1e (19,20). The mechanism by which these two stimuli increase the rate of glu­
cose entry into the cell is difficult to determine. Insulin stimulation in skeletal musc1e 
induces an increase in the number of tissue-specific glucose transporter proteins at the 
plasma membrane and a corresponding decrease in the number of transporters in an 
intracellular pool (21-24). Similarly, contractile activity gives rise to an increased per­
meability of musc1e to glucose. Thus, in addition to an increased number of transport 
molecules at the plasma membrane, musc1e contraction seems to induce an increase in 
the intrinsic activity ofthe transporters (25,26). Studies by Wallberg-Henricskson et al. 
indieate that diabetes affects both the insulin- and exercise-stimulated glucose trans­
port, but that the insulin-induced transport is affected to a greater degree (27). The fact 
that both insulin- and contraction-dependent glucose transport are affected is somewhat 
surprising because there is a considerable amount of evidence suggesting that insulin 
and contractile activity stimulate musc1e glucose transport by two independent mech­
anisms (28,29). 

Despite the dramatic increase in glucose uptake by active musc1e, plasma glucose 
concentration remains notably level in normal humans during exercise of low-to-mod­
erate intensity. Feedback signals from plasma-glucose sensors appear to elicit changes 
in neuroendocrine function so that hepatie-glucose production increases (11). Also, 
decreases in plasma glucose may directly stimulate hepatic-glucose production. Feed­
back mechanisms are less involved during intense exercise as plasma-glucose concen­
trations increase initially, then fall as hepatie-glycogen stores are depleted (11). Instead, 
the glycemic response during periods of intense exercise may be subject to a feed-for­
ward regulation elicited by the central command that changes neuroendocrine function, 
and subsequently causes an initial overshoot in hepatic-glucose production. For exam­
pIe, at the onset of exercise, impulses from the working musc1es and motor centers 
increase neuroendocrine activity in an intensity-dependent manner (30). 

Consequently, diabetic patients commonly oscillate between states of insulin excess 
and insulin deficiency. As a result, the metabolie responses to exercise have been 
shown to correlate with the metabolie state at the onset of exercise (31-35). The most 
familiar disturbance of glucose homeostasis during exercise in IDDM is hypoglycemia. 
Hypoglycemia most often occurs during a relatively prolonged session of moderately 
intense exercise when hepatic-glucose production cannot keep pace with the increased 
use of glucose by exercising musc1e. This is because of unrestrained peripheral glu­
cose utilization while portal hyperinsulinemia suppresses an appropriate rise in 
hepatic-glucose output (32,1 0). Conversely, patients experiencing astate of chronic 
insulin defieiency of moderate degree have decreased glycogen stores in the liver and, 
to a lesser extent, in skeletal musc1e (36). Insulin deficiency results in impaired aero­
bic exercise endurance, a more rapid switch of fuels during prolonged activity to the 
utilization of free fatty acids, hyperglycemia, and accelerated ketone-body formation 
by the liver (36). Increased levels of plasma glucose are further elevated by an exag­
gerated increase in hepatic-glucose production caused by insulin deficiency (7,31). 
Elevated musc1e-glycogen concentrations and a rapid rate of glycogen breakdown lead 
to high intramuscular concentrations of glucose-6-phosphate, which inhibit hexokinase 



262 LeBrasseur and Fielding 

(37). As intracellular muscle-glucose concentrations increase, the gradient of glucose 
from the interstitial space to the cytoplasm decreases and in turn reduces net glucose 
uptake by the cell (36,39). Furthermore, when glycogen concentrations are elevated, 
lactate production is higher than when glycogen stores are low. A relationship has been 
suggested between muscle glycogen concentrations and muscle-membrane permeabil­
ity based on the intracellular pH. The lowered pH levels have been implicated in 
decreasing muscle-membrane vesicle rate of glucose transport (40). Thus, the meta­
bolic profile of an exercising individual with hyperglycemia after 40 min mirrors that 
of a normal human who has been performing aerobic exercise for 4 h, the so-called 
accelerated adaptation to exercise (41). 

In NIDDM, the diabetic state (i.e., hyperglycemia concomitant with either insulin 
deficiency or hyperinsulinemia) gives rise to metabolic alterations that affect skeletal 
muscle glucose transport (42). Changes in glucose homeostasis in patients with 
NIDDM in response to exercise result from the positive impact on peripheral-insulin 
action. Insulin resistance in the periphery primarily occurs in the skeletal muscle as it 
represents the body's largest insulin-sensitive tissue, and therefore, has a significant 
impact on overall glucose homeostasis in type 11 diabetic patients (43). Muscle strips 
from a group of lean type 11 diabetic patients demonstrated a 50% decrease in insulin 
responsiveness for glucose transport when compared with nondiabetic subjects. These 
results suggest the presence of postreceptor defects in type 11 diabetic skeletal muscle 
(44). Muscle contraction during physical activity has shown to increase both the number 
of glucose transporters at the plasma membrane (23,45-47), and the activity of the 
transporters at the plasma membrane (47). Thus, in the presence of insulin resistance, it 
appears physical exercise improves peripheral-glucose disposal. 

During the first 2 h postexercise, the highest rate of skeletal-muscle-glycogen resyn­
thesis occurs leading to complete reparation after 24 h. Evidence suggests glucose trans­
port and glycogen synthase activation are coordinated in an effort to increase the rate of 
glycogen synthesis following glycogen-depleting exercise (48). Furthermore, Maehlum 
et al. observed a similar rate of muscle-glycogen synthesis following prolonged heavy 
exercise in muscles of diabetic patients compared to normal subjects when administered 
adequate amounts of carbohydrates and subcutaneous insulin (49). This may explain the 
reported increase in hypoglycemia in diabetic individuals following exercise and also 
may playa role in the need for diabetic individuals to adjust their meal scheduling and 
insulin doses. 

In nondiabetic populations, the improvements in peripheral-insulin action induced by 
exercise training is balanced by a reduced insulin secretory response to a glucose chal­
lenge (50). An increase in both insulin-receptor number and affinity following physical 
training have been weIl demonstrated, however, little support exists that such 
adaptations occur during exercise itself (17). Both young and older nondiabetic exer­
cise-trained individuals have demonstrated improvements in oral-glucose tolerance 
(51). Trained individuals demonstrate the same overall insulin secretion and average 
plasma-glucose concentration as untrained persons despite a higher caloric intake (52). 
Thus, during training the pancreas and insulin-sensitive tissues adapt to allow the 
necessary increase in caloric intake without causing hyperglycemia or overstimulation 
of ß cells. 

Similarly, in patients with IDDM, increased insulin sensitivity resulting from physi­
cal training has failed to demonstrate a positive influence on glycohemoglobin levels. 
Despite improvements in maximum oxygen uptake, improved lean. body mass, 
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inereased insulin sensitivity, and possible improvements in eardiovaseular risk faetors, 
research has failed to support that exercise in the absence of adjustments in insulin and 
diet will improve overall glyeemie eontrol (53,54). 

On the other hand, physieal training pro grams have been shown to signifieantly 
improve fasting plasma glucose and Ale in NIDDM subjeets. This has been attributed to 
an improvement in skeletal-muscle insulin sensitivity and a subsequent inerease in 
nonoxidative muscle-glueose disposal for glyeogen resynthesis following exereise (54). 
Physieal aetivity appears to benefit NIDDM patients the most early in the disease while 
ß-eell funetion may still be relatively intaet (55,56). Furthermore, physieal aetivity may 
playa signifieant role in the primary prevention of the development of NIDDM in addi­
tion to obesity, and several ehronie diseases, especially eoronary heart disease (57). 

DIABETIC NEUROPATHY AND EXERCISE 

Several studies have demonstrated that the exereise capacity of peop1e with diabetes 
without neuropathy or serious long-term eomplieations of diabetes is eomparable to 
nondiabetie subjeets with similar habitual aetivity (58,59). However, in diabetie 
patients with autonomie neuropathy, an abnormal pattern of hormonal responses, an 
elevated resting work produet, a below normal inerease in work produet, and a redueed 
physieal work capacity during exereise have been observed (60,61). 

Metabolie and Hormonal Effeets of Diabetie Neuropathy 
Metabolie and hormonal effeets of diabetie neuropathy result in major disturbances 

of the normal pattern of hormonal responses to exereise. The responses of norepineph­
rine, epinephrine, growth hormone, eortisol, and pancreatie polypeptide to exercise are 
blunted in diabetie patients with autonomie neuropathy (62), suggesting an impaired 
metabolie response to exereise. However, in studies examining plasma-metabolite eon­
centrations during exereise, no differenees were noted between diabetie patients with 
and without autonomie neuropathy (33,63). One may speeulate that this oeeurs see­
ondary to either a negligib1e effeet of the measured hormones on the metabolie response 
to physieal aetivity, or beeause of a heightened sensitivity of adipose tissue and glyeo­
gen stores to the action of glueoregulatory hormones in patients with neuropathy 
eompared to nonneuropathie diabetie patients (35). Similar to diabetie patients without 
neuropathy, neuropathie diabetie patients with insulin defieieney demonstrate exagger­
ated metabolie responses to exereise eompared to healthy subjeets (33). Again, the 
metabolie state prior to the eommeneement of exereise governs the metabolie response 
during the course of physieal aetivity. In insulin-deficient neuropathie patients, the 
impaired muscle uptake of plasma glucose in eombination with ongoing hepatie 
glyeogenolysis and glueoneogenesis, and the inappropriate gut delivery of glucose in 
the presenee of gastroparesis, ean result in extreme elevations in serum-glucose levels 
(64). Hypoglyeemia is more frequently eneountered in autonomie neuropathy during 
exereise as insulin suppresses hepatie glucose output in the absence of eounterregula­
tion, and also following exercise beeause of irregular gut-fuel delivery, impaired eoun­
terregulatory hormone responses, and as muscle eontinues to take up inereased amounts 
of plasma glucose for up to 24 h (18,65). Hypoglyeemia may range from very mild low­
ering of glyeemia with minimal or no symptoms, to severe hypoglyeemia with very low 
levels of glucose and neurologie impairment. Neuropathie patients may be unaware of 
the hypoglyeemie state beeause of a defieient autonomie response (initial bradyeardia 
and mild hypotension), and diminished or absent symptoms (assoeiated to eate-
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eholamine release with eutaneous vasoeonstrietion, sweating, and a sense of anxiety) 
(66). Finally, patients with symptomatie autonomie neuropathy are at high risk for 
developing eomplieations during exereise. Sudden death and silent myoeardial infare­
tion, a eondition in whieh the heart beeomes unresponsive to nerve impulses, are attrib­
uted to severe autonomie neuropathy in diabetes (67). 

Cardiovascular Effects of Diabetic Neuropathy 
People with eardiovascular effeets of diabetie neuropathy who also have autonomie 

neuropathy may exhibit an elevated resting heart rate or even pronouneed tachycardia 
eompared to diabetie patients without neuropathy and nondiabetie individuals (61,68). 
This findings suggests a eardiae vagal defeet in neuropathie patients (61). In normal 
subjects and diabetie patients without neuropathy, inerease in heart rate during low­
intensity exereise is eaused by withdrawal of vagal tone, and inereases in heart rate in 
response to higher work loads are mediated through increased sympathetie aetivity 
(69-71). In eomparison, diabetic patients with autonomie neuropathy demonstrate a 
diminished inerease in heart rate at low work intensities, indieating a cardiac vagal 
defeet (33). Furthermore, in neuropathie subjeets, a lower sympathetic tone on the heart 
inereases during exercise in intensity and is refleeted by a lower heart rate compared to 
individuals without neuropathy at all relative work loads (58). Finally, at maximal 
effort, diabetie patients with neuropathy attain signifieantly lower maximal heart rates 
eompared to nondiabetie and diabetie patients without neuropathy (59,61 ). 

Meanwhile, individuals with diabetes and autonomic neuropathy not only have 
reduced heart-rate responses to exereise, but have lower resting blood pressure 
and reduced bloodpressure responses to physical aetivity eompared to nondiabetie and 
diabetie patients without neuropathy (58,72,73). In nonneuropathic individuals, auto­
nomie reflexes and endoerine mechanisms regulate blood pressure (72), and sympa­
thetie control of eireulation is a major determinant of blood pressure during exercise 
(74). In diabetie patients with neuropathy, a redueed blood pressure response to 
inereasing work loads suggests a deerease in the sympathetie outflow to the heart and 
resistanee vessels (61). 

Furthermore, inereasing eardiae output and reducing hepatosplanehnie blood flow 
during exereise appear to be impaired by diabetie neuropathy. Impaired myoeardial 
eontraetility resulting from either diminished adrenergie stimulation of the heart, 
beeause of autonomie neuropathy, or diabetic eardiomyopathy, or both, lowers eardiae 
output (35,75). Failure to increase hepatosplanchnie vascular resistance during exereise 
because of sympathetie neuropathy in the splanchnic vascular bed hinders redistribution 
of blood flow to the periphery (33). This may have a negative impact on blood pressure 
response and thermoregulation during physieal aetivity. 

Finally, maximal aerobic eapacity is signifieantly impaired in patients with diabetic 
neuropathy eompared to nondiabetic and nonneuropathie diabetic patients (59,61). This 
may be caused by the redueed maximal heart rate and/or eardiae output, however, 
impaired redistribution of blood flow and volume as well as impaired lung funetion and 
deereased oxidative metabolie eapacity of musc1e fibers may eause a reduetion in max­
imal oxygen uptake (59,61). 

Exercise and Risk F actors fOT Foot Problems 
Foot problems are eommon in diabetie patients despite being the most preventable 

long-term complieations of diabetes (76). Neuropathy and peripheral vaseular disease 
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Table 2 
Disuse Syndrome 

Physiologie and Bioehemieal Changes 

Decreased physical work capacity 
Muscle atrophy 
Negative nitrogen and protein balance 
Contracture of connective tissue 
Osteoporosis 

Adapted from ref. 92. 
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Renal lithiasis 
Cardiovascular deconditioning 
Pulmonary restrictions 
Decubitus u1cers 
Mental depression 

are the main etiopathogenic factors, whereas other risk factors inc1ude high foot pres­
sures, limited joint mobility, his tory of previous foot problems, and reduced resistance 
to ischemia (77). 

Motor neuropathy in the diabetic foot leads to atrophy of the small musc1es of the 
foot with an imbalance between flexors and extensors. This results in c1awing of the 
toes, prominent metatarsal heads, and moving of the footpad forward (78). As a result of 
these deformities, high press ures develop under the metatarsal heads both during stand­
ing and walking. Limited subtalar joint mobility, related to increased collagen glyca­
tion, affects the biomechanics of the foot and results in high foot press ures and foot 
ulceration (79,80). High foot pressures in the presence of sensory neuropathy have been 
shown to be highly predictive for foot ulceration (86,81). Charcot joint disease related 
to painless joint injury and subsequent foot deformity, mainly in the form of rocker-bot­
tom foot with newly developed areas of high pressures in the midfoot is another serious 
complication of diabetic neuropathy and is mainly present in patients with good vascu­
lar function (82). Patient education accompanied by proper footwear are the main strate­
gies employed today in an effort to reduce foot u1ceration in the at-risk patients (83,84). 

Diabetes also poses a risk factor for the development of peripheral vascular disease, 
which increases the susceptibility to ischemic ulcers and gangrene (64,87). For the 
patient with peripheral vascular disease, exercise precedes and aggravates intermittent 
claudication, which induces pain as a result of insufficient blood flow to exercising 
skeletal musc1e (88). Nevertheless, moderate exercise can be beneficial even in patients 
with c1audication, as it is known to slow down the progression of the disease. 

There is no information available regarding the risk factors for foot problems and 
the rate of foot injuries in diabetic endurance athletes or in diabetic patients who exer­
cise regularly. In nondiabetic endurance athletes the most common foot problems 
inc1ude stress fractures, tendonitis, and ankle sprains (85). It would therefore be reason­
able to suggest that diabetic exercises are similarly at risk for such problems and that 
neuropathic patients have a greater risk for foot ulceration and Charcot arthropathy. On 
the other hand, a decrease in the physical activity and fitness of the individual with dia­
betic neuropathy may result in a further deterioration of the blood-glucose control and 
more advanced impairment ofthe autonomie function, and ultimately, a more extensive 
decrease in the work capacity (60). Although exercise cannot prevent the occurrence of 
peripheral neuropathy, it can slow it down and prevent a further loss of function and fit­
ness because of disuse (64). Disuse syndrome (Table 2) negatively impacts our overall 
state of health, which inc1udes social, emotional, mental, and physieal attributes. Multi-
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pIe c1inical manifestations of disuse syndrome affect most organs and systems of the 
body bringing forth both physiologie and biochemieal changes (89). 

PRACTlCAL GUIDELINES FOR EXERCISE PRESCRIPTION 

With the influence of exercise on management of 100M and NIOOM not wen 
understood among healthcare professionals, when complications present secondary to 
the disease, the role of exercise is often overlooked. The remainder of this chapter will 
discuss exercise options for persons with autonomie neuropathy followed by persons 
with sensory or motor peripheral neuropathy. 

Prior to exercise participation, it is recommended that an persons with 100M and 
NIOOM undergo an assessment, reviewing patient history and noting contraindieations 
to exercise such as cardiopulmonary or orthopedie limitations, other metabolie dysfunc­
tion, medications, prior activity level, and laboratory data (89). The American College of 
Sports Medicine recommends an exercise stress test prior to beginning an exercise pro­
gram for healthy adults over the age of 45 (90), and most experts recommend 
the same protocol for individuals with diabetes over the age of 35, or who have had dia­
betes for greater than 10 yr. These are important and prudent steps because ofthe high 
incidence of occult cardiovascular disease and manifestations of secondary complica­
tions in patients with diabetes, and they allow the professional to assess the functional 
capacity on which to base exercise prescription. In addition, instruction on proper care of 
the diabetic foot should be performed and reviewed. Clearly, diabetic patients who wish 
to begin a program of increased physical activity should consult with their primary-care 
physician about any necessary alterations in their insulin therapy and/or dietary intake. 

In the presence of autonomie neuropathy, the defective sympathetic and parasympa­
thetie coordination cause poor control of cardiac output and inability to redirect periph­
eral-blood flow to working musc1es. Therefore, standard measures of exercise intensity, 
namely heart rate and blood press ure, are unreliable. Subjective measures of perceived 
exertion, such as the Borg scale, provide a useful tool for assessing exercise intensity. 
The Borg scale is a subjective rating scale from 6 to 20 whieh has been widely used to 
gage the perception of effort during physieal exercise (Table 3) (91). Aerobic exercise 
gradually targeted at moderate-to-heavy exertion generally equates to 60-85% maxi­
mum heart rate in nonneuropaths (90). 

Furthermore, appropriate responses in heart rate and blood pressure cannot be made 
during activities requiring rapid changes in body position. Sitting or recumbent exer­
eises are beneficial for maintaining or increasing muscular strength without requiring 
rapid responses in blood pressure. Water therapy is a viable option as the pressure of the 
water helps maintain blood pressure during dynamie exercise. Oonning full-length sup­
portive garments such as body stockings will enhance venous return during physieal 
activity. In addition, diabetic patients with autonomie neuropathy also have a predispo­
sition to dehydration. during exercise in the heat, and poor tolerance for activity in the 
cold. Therefore, adequate hydration should be emphasized, while avoiding exercise in 
temperature extremes. 

Regardless of the severity of complications, or the mode of activity, a conservative 
approach based on subjective feedback is the best way to determine the appropriateness 
of a training regimen for diabetic patients with autonomie neuropathy. Regarding the 
patient with peripheral neuropathy, the loss of proprioception and touch in the extremi­
ties results in a dependence on vision when performing motor tasks. The following 
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Table 3 
RPE Scale (Rate of Perceived Exertion) 

6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

Adapted from Borg (8). 

Very, very light 

Very light 

Fairly light 

Somewhat hard 

Rard 

Very hard 

Very, very hard 
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strategies to facilitate movement in patients with peripheral neuropathy are recom­
mended by Graham et al. With impaired sensation and/or proprioception in the lower 
extremities, the use of mirrors facilitates body awareness without forcing the patient to 
focus down at the feet. Providing visual cues, such as footprints on the walking surface 
during gait activities, will further enhance proprioception. Furthermore, applying 
resistance manually or with therapeutic equipment through the range of movement 
stimulates joint reflexes and proprioception. Facilitation techniques such as rubbing or 
tapping may elicit musc1e recruitment and contraction. Patients with limited musc1e 
function or range of motion can independently perform stretches with props (89). 

Certain precautions should be implemented by the diabetic with peripheral neuropa­
thy while exercising. Patients with impaired balance caused by peripheral neuropathy 
should leam basic principles of equilibrium and utilize external support during balance 
activities. Furthermore, loss of sensation creates a risk for overstitching in musc1e and 
connective tissue. Patients should be taught gentle, pain free range-of-motion exercises, 
and that quivering of a musc1e on stretch, or increasing pain as a stretch is held, indicate 
over-stretching of a musc1e. Moreover, range-of-motion activities for the major joints 
are important for preventing or minimizing contractures. Limiting weight-bearing activ­
ities and encouraging activities such as arm exercises, swimming, and bicyc1ing, in 
addition to frequent inspection of feet and not wearing shoes more than 5 h at a time, are 
important measures to inc1ude in an exercise routine for a diabetic with impaired sensa­
tion of feet or Charcot's foot. Appropriate footwear can provide redistribution of the 
diabetic's weight away form pressure points secondary to the deformities (89). Finally, 
in the instance of impaired sensation in the fingers, palpation of the radial pulse is an 
inaccurate assessment of exercise intensity. Therefore, use of the Borg scale for per­
ceived exertion is a more reliable estimate. 
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SUMMARY AND CONCLUSIONS 

Nearly all persons with diabetes, even those with severe complications, can receive 
benefits from properly prescribed exercise programs. The consequences of physical 
inactivity and a sedentary lifestyle take a. significantly longer time to reverse than to 
develop. Therefore, diabetes health-care professionals need to encourage patients to 
take the preventive measures offered through various modes of exercise to avoid the 
complications associated with a sedentary lifestyle. Both IDDM and NIDDM patients 
can safely realize the improved cardiorespiratory and functional benefits of regular 
exercise training. In patients with IDDM, specifie care must be taken in monitoring 
blood-glucose concentrations, insulin dosage, and carbohydrate intake to ensure 
euglycemia before, during, and after exercise. In diabetic patients with autonomie neu­
ropathy, the exercise prescription must be further tailored to accommodate their altered 
cardiovascular response to exercise. In summary, education of persons with diabetes 
must promote increased physical activity in their daily lives with the goal of improving 
health and restoring optimal physical function. 
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INTRODUCTION 

Of the 16 million peop1e in the United States with diagnosed or undiagnosed dia­
betes, many will suffer the long-term complications of the disease affecting their lower 
extremities including peripheral neuropathy and vascular disease. When combined with 
physical or mechanical trauma, these important predisposing risk factors can frequently 
lead to infection, u1ceration, or gangrene. In fact, each of these events are, in turn, major 
risk factors for diabetic lower-extremity amputation (LEA), perhaps the most feared of 
all complications attendant with diabetes mellitus. 

Much of our understanding of the pathophysiology of the diabetic foot is derived 
from epidemiological data acquired from cross-sectional surveys and longitudinal or 
retrospective observational studies. These have been valuable instruments in elucidat­
ing potential risk factors for foot lesions as weIl as for determining the measures of 
association (odds ratios or risk ratios) for adverse outcomes. Nonetheless, the informa­
tion obtained can only be considered as estimates of the true population values, since 
the entire diabetic population has not been sampled. To date, we do not even have reli­
able estimates of the true prevalence or incidence of foot infection and u1ceration in the 
diabetic population, since many of these complications are treated in the outpatient set­
ting. Our methods of data collection simply fail to capture the majority of these events 
because of the absence of a nationwide registry. Hence, the importance of large 
prospective studies of diabetic patient groups becomes apparent in elucidating the fre­
quency and determinants of foot disease. Clinical trials have become important tools for 
testing hypotheses related to wound-healing methodologies or treatments (growth fac­
tors, dressings, total contact casting, and so on) as weIl as for assessing the values of 
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various preventive interventions (education, footwear, and so on). Although experimen­
tal studies in this area were infrequent only a few years ago, such investigations are 
being reported with increasing frequency as new treatments become available. The 
majority of epidemiological data concerning frequency of LEA (and of severe u1cera­
tions) in the United States population comes from National Hospital Discharge Surveys 
(NHDS) which capture data from civilian (public and private) hospitals. Since this does 
not include data from 172 Veterans Affairs (V A) hospitals and the numerous military 
hospitals, such estimates actually underreport the true frequency of these complications 
(1). Furthermore, the NHDS itself underreports diabetes-related LEA discharges in that 
diabetes is not even listed on the discharge record in approx 40% of such admissions 
(2). The Centers for Disease Control and Prevention (CDC) maintains a surveillance 
system that systematically collects, analyzes, and disseminates national data on diabetes 
and its sequelae. Much of the national data presented in this chapter is derived from the 
CDC surveillance system, which utilizes data sources such as vital statistics, National 
Health Interview Surveys (NHIS), the NHDS, and Medicare claims data (3). Lower­
extremity diabetic u1cerations are identified by ICD (International Classification 0/ 
Diseases, rev. 9) code 250 for diabetes and code 707 for u1cer (1,4). Diabetic lower­
extremity amputations are identified by ICD-9 codes 84.11-84.18, including toe 
(84.11), foot (84.12), leg (84.13-84.16), or thigh (84.17-84.18) with the additional code 
250 for diabetes. Traumatic LEAs (codes 895-897) should be excluded from such 
analyses. 

It is often difficult to directly compare rates of u1ceration or amputation from one 
study to another because of differing methodologies, populations, and reporting tech­
niques. For example, some reports of population-based studies may only use sex­
specific or age-specific rates of disease that are indeed valid measures, but that are not 
summary measures across the entire population studied. Therefore, these specific rates 
cannot really be contrasted with other populations using population summary rates. 
Age-adjustment using a standard population to which age-specific rates are applied 
(direct method) combined with sex adjustment will control for variations over time and 
between population differences in age and sex distributions. Therefore, age- and sex­
adjusted rates can be used to compare frequencies of these complications over time 
within one population or across populations. We must also, however, be concerned with 
ethnic differences in populations since there are distinct differences in rates of diabetic 
complications across racial backgrounds (3). Since the United States population is quite 
heterogeneous compared to populations such as that in Germany or Pacific Islanders, 
these ethnic differences must be kept in mind when using comparisons of summary 
rates. Age-adjusted rates within the various ethnic populations (Black, Hispanic, Native 
American, and so on) are therefore most often used to compare rates of foot u1ceration 
or LEA between groups. Generalizability also becomes an issue when analytical or 
experimental studies investigate disease frequency or predisposing risk factors in either 
defined or undefined cohorts. Readers must be particularly cognizant of the population 
at risk within each study when determining prevalence or incidence rates of disease. 
Does the population under study only consist of patients with diabetes or is it heteroge­
neous? Have all of the diabetic patients been included or just those with neuropathy? 
Have those with vascular disease been excluded or included? The denominator used for 
ca1culation of rates is therefore extremely important when generalizing the results of a 
given study to external populations (1). Furthermore, are rates calculated using numera-



Chapter 17 / Epidemiology of the Diabetic Foot 275 

tors on the basis of first-time u1cers or amputations, secondary events, or only the high­
est level of amputation upon hospital discharge? What is the particular time frame for 
the reported rates? Is the investigation dealing with a cumulative incidence of u1ceration 
over 4 yr or only one year? In the former case, the total cumulative incidence would be 
divided by four to yield an annual incidence rate. An excellent example of the variabil­
ity of rates, numerators, and denominators that can be used to explore various outcomes 
within this framework has been reported by Apelquist (5). From the foregoing it is clear 
that when reviewing epidemiologicalliterature, the reader must keep in mind the differ­
ences between study populations, the comparability of data, and the generalizability of 
rates or outcomes among the entire diabetic population. 

This chapter will primarily focus on the two major complications of the diabetic foot, 
u1ceration and amputation. In addition to presenting our current estimation of their 
prevalence, incidence, and natural history based on cross-sectional and analytical stud­
ies, a thorough discussion of risk factors will be equally important in our understanding 
of the pathophysiology leading to these outcomes. Through an appreciation of the 
underIying determinants of these complications, preventive strategies can be discussed 
in terms of education and appropriate foot care practices. 

ULCERATIONS 

Foot u1ceration with infection is one of the leading causes of hospitalization for 
patients with diabetes mellitus (6-8). Approximately 15% of all patients with diabetes 
will develop a foot or leg u1ceration at some time during the course of their disease (9). 
However, solid data pertaining to the true incidence and prevalence of diabetic foot 
lesions is still lacking. Some of the information concerning such pathology is based 
upon hospital discharge data (NHOS) that does not capture the majority of u1cerations 
treated in the outpatient setting. Population based studies and cross-sectional surveys 
provide a general picture of their frequency and distribution, whereas case-control (ret­
rospective) and prospective cohort studies are helpful in determining the associated risk 
factors for these disorders. 

The recent comprehensive epidemiological review by Reiber et al. indicates that 
chronic u1cers were present in 2.7% of all diabetes-related hospitalizations and 46% of 
all qospitalizations listing any u1cer condition (10). This NHDS survey data also indi­
cates that the highest rates were found in individuals aged 45-64 yr with males hav­
ing a higher u1cer rate than in females. The average length of stay (LOS) for diabetes 
discharges with u1cerations was 59% longer than in those without them, approx 14 and 
8 d, respectively. 

Several population-based studies report an annual incidence of diabetic foot u1cera­
tion in the range of 2-3% in both 100M and NIOOM patients, whereas the prevalence 
varies between 4 and 10% (11-17). In the 4-yr prospective cohort study reported by 
Moss (Wisconsin Epidemiologic Study of Oiabetic Retinopathy) the 4-yr cumulative 
incidence of u1cers in younger-onset patients was 9.5 or 2.4% per year (11). The corre­
sponding 4-yr incidence in older-onset patients (diagnosed after age 30 yr) was 10.5 or 
2.6% per year. In a 1984 cross-sectional study of 617 diabetic patients from Stockholm, 
Sweden the respondents to a self-administered questionnaire reported an u1cer/gangrene 
prevalence of 4.7% (12). Limitations of this survey were that it inc1uded a stratified 
sampie only of persons on registers of previously hospitalized patients and that results 
were not corroborated by medical record review. Another study from Sweden involving 
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Table 1 
Diabetic Foot Uleer Incidence and Prevalenee: Selected Studies 

Author(s) 

Moss et al. (1992) 

Borssen (1990) 

Rosenquist (1984) 
Kumar (1994) 
Walters (1992) 
Smith (1994) 

Incidence (%) 

IDDM: 2.4 
NIDDM: 2.6 
IDDM: 3 

5.6 

Prevalence (%) 

IDDM:lO 
NIDDM: 9 

4.4 
5.3 
7.4 

examinations of 380 diabetie patients aged 15-50 yr reported an ulcer prevalence of 3% 
(13). Ten percent of the patients had a history of healed ulcers. A community-based 
study in the UK involving interviews and examinations of 1077 diabetic patients from 
10 general practices revealed a prevalence of past or present foot ulcers of 7.4 compared 
to 2.6% in the 751 control subjects (p < 0.001) (14). Thirty-three patients (3.3%) had 
active foot ulcers at the time of examination. There was no signifieant difference in 
ulcer prevalence between male and female subjects nor between Type 1 or Type 2 dia­
betes. There was a slightly higher frequency of active ulceration in the Oxford Com­
munity Diabetes Study, whieh found a 5% prevalence in all age groups and a 7% 
prevalence in those diabetie patients aged 60 yr or greater (15). In yet another popula­
tion study from the UK restricted to persons with Type 2 diabetes, 5.3% of the 811 
patients had current or past foot ulcers (16). There was a significant trend for higher 
prevalence of ulceration with both increasing age and duration of diabetes. Finally, a 3-
yr prospective study of 754 diabetie outpatients in Seattle found an annual foot ulcer 
incidence of 5.6%, whereas the prevalence ofprior foot lesions was 28% (17,18). These 
findings are summarized in Table 1. 

Risk F actors for Ulceration 
Numerous putative risk factors for diabetie foot ulceration have been ascertained 

(6,10,16,17,19-25). Aside from the major factors neuropathy, ischemia, infection, and 
trauma (high pressure), multiple other contributory factors interact to produce foot 
lesions. Intrinsic risk factors include metabolic or biologie characteristics that may or 
may not be causally related to diabetes but do contribute to the etiology of ulceration. 
Such factors include duration of diabetes, glycosylated hemoglobin, peripheral neu­
ropathy, peripheral vascular disease, limited joint mobility, structural deformity, 
nephropathy, obesity, and impaired visual acuity. Extrinsic risk factors are the result of 
the patient's interaction with the environment such as trauma, abnormal stress, occupa­
tional hazards, social considerations, and cigaret smoking. Table 2lists these and addi­
tional risk factors that must be considered when attempting to identify those patients 
most susceptible to foot ulceration. 

Several recent clinical studies have documented the importance of both neuropathy 
and vascular disease as predisposing risk factors for foot ulceration. Kumar found in his 
community survey that increasing Neuropathy Disability Scores (combined measure of 
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Table 2 
Risk Factors for Diabetic Foot Ulceration 

Intrinsic Factors 

Neuropathy 
Sensorimotor 
Autonomic 
Vascular disease 
Structural deformity 
Immunopathy 
Limited joint mobility 
Nephropathy 
Age 
Duration of diabetes 
Blindness 
Previous ulceration 

Extrinsic Factors 

Minor trauma 
High plantar pressures 
Shoe pressure 
High impact 

Thermal injury 
Hot soaks 
Frostbite 

Chemical bums 
Bathroom surgery 
Occupational hazards 
Poor knowledge of diabetes 
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multiple neurologie deficits) were signifieantly related to development of foot u1cera­
tion after adjusting for both age and duration of diabetes (odds ratio [OR] = 1.3) (16). 
Vascular disease, as measured by absence of 2 or more pulses or history of revascular­
ization, was also a significant independent predictor of u1ceration (OR = 2.6). These 
community-based findings were also corroborated by Walters wherein logistic regres­
sion analysis yielded signifieant associations with u1ceration for both light touch (OR = 
2.85) and impaired pain perception (OR = 3.58) (14). An absent dorsalis pedis pulse 
increased the risk for u1ceration sixfold (OR = 6.27). In these studies, as in most others, 
the majority of u1cerations were neuropathic or neuro-ischemic in origin. 

In a clinical evaluation of 314 non-insulin dependent diabetic (NIDDM) patients, 
cutaneous monofilament pressure perception, vibration, and thermal thresholds were 
compared among those with and without a history of current or past ulceration (23). 
Pressure perception thresholds were signifieantly higher in ulcerated patients and were 
highly predietive in distinguishing them from those without u1ceration. Although not as 
predictive, vibration and thermal thresholds were also significantly higher in u1cerated 
patients. A case-control study from the Seattle V A Hospital also analyzed the associa­
tion between neuropathy and risk of u1ceration in comparing 46 u1cerated diabetie 
patients with 322 diabetic control subjects (21). Signifieant independent risk factors for 
diabetic foot u1ceration included an inability to sense a 10-g monofilament (OR = 18) 
(42) and absent ankle reflexes (OR = 6.48) after adjusting for age. Additionally, TcP02 

< 30 mmHg imposed a very strong risk (OR = 57.87) when compared to patients with 
TcP02 > 60 mmHg. Prospective evidence of the etiologic role of impaired vibratory 
perception was obtained from Young's 4-yr study of a cohort of 469 diabetic outpa­
tients without a history of u1ceration at baseline (24). For final analysis, the patients 
were stratified into three levels of vibration-perception thresholds (VPT) using biothe­
siometry. Those patients with VPT > 25 had an eightfold increased risk (OR = 7.99) of 
u1ceration compared to those with VPT < 15, with a cumulative incidence of 19.8 vs 
3.0%, respectively. After adjusting for diabetes duration, itself an important risk factor, 
the independent effect of VPT> 25 remained strong (OR = 6.8). 
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Author 

Sosenko (1990) 
Rith-Najarian 

(1992) 
Veves (1992) 
Moss (1992) 
Walters (1992) 
Young (1994) 
McNeely 

(1995) 

Frykberg, Habershaw, and Chrzan 

Table 3 
Risk Factors for Diabetic Foot Uleers 

Long 
DM 

Duration 

+ 
+ 

+ 
+ 
+ 

Neuropathy 
(VPT or 
SW 5.07) 

+ 
+ 

+ 

+ 
+ 
+ 

High 
Plantar 

Pressure 

+ 

LowABI 
or TcP02 
or Pulse High 
Deficit HbAlc Smoking 

+ 

+ + 
+ 

+ 

Modified from Reiber GE, Boyko EJ, Smith 00: Lower extremity foot ulcers and amputations in 
diabetes. In: Harris MI, Cowie C, Stern MP, eds. Diabetes in America, 2nd ed. NIH Publication No. 95-
1468, 1995. 

High plantar pressures are a frequent cause of mechanical trauma to the high-risk 
neuropathie or neuro-ischemic foot. As such, high foot pressures resulting from struc­
tural defonnities, neuropathy, or inadequate foot wear have long been considered poten­
tial causes of plantar ulceration (20). Veves and associates reported the first prospective 
study in this regard wherein a cohort of 86 diabetic patients were followed for a mean 
period of 30 mo (25). Using an optical pedobarograph, all patients had baseline and fol­
low-up foot pressure measurements with the intent to investigate its relationship with 
foot ulceration. At follow-up, 21 feet in 15 patients developed u1ceration, all of whom 
had high pressures (12.3 kg/cm2) at baseline. No u1cerations occurred in patients with 
nonnal pressures at baseline and all but one of the lesions occurred in patients with 
coexistent neuropathy. In concert with cross-sectional studies making similar sugges­
tions, this study provides fairly convincing evidence for the role of high foot pressure in 
the etiology of plantar ulceration. 

Table 3 summarizes the results of these clinical studies, indicating those factors inde­
pendently associated with risk of ulceration. Figure 1 illustrates the numerous interac­
tions between these risk factors that may lead to diabetic foot u1ceration. 

AMPUTATIONS 

Approximately 50% of all nontraumatie lower extremity amputations (LEA) in the 
United States occur in people with diabetes (10,26-28). In 1990 there were 54,000 dia­
betes-related LEA discharges, accounting for 1.1 million days of hospital stay with an 
average length of stay (LOS) of21 d (3). This is an increase of 50% from 1980 when the 
number of LEAs was reported as 36,000. Depending on the study, the annual incidence 
of LEA can range between 37 to 137 per 10,000 people with diabetes, a rate 15-40 
times higher than that found in nondiabetie individuals (10,26-29). The 1990 age­
adjusted rate based on hospital discharge data was 81 per 10,000 diabetic persons, a 
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Fig. 1. Interactions between contributory factors for diabetic foot ulceration. 
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Fig. 2. Age-standardized rates for lower extremity amputation in United States per 1000 diabetic 
population by year. (From Centers for Disease Control and Prevention. Diabetes Surveillance, 1993. 
Atlanta, GA, US Dept. Health and Human Services, 1993, pp. 87-93.) 

31 % increase from 62 per 10,000 in 1980 (3,10) (Fig. 2). Averaging frequencies in the 
1989-1992 NHDS, lower-limb amputations (toe, foot, and ankle) are more common in 
this population with toe amputations comprising approx 40% of all diabetes-related 
LEA (JO). In contrast, above-knee amputations are more frequent in nondiabetic per­
sons, averaging approx 39% of the total amputations vs 16% in persons with diabetes. 
Below-knee amputations (BKA), comprising approx 21-23% of all LEAs, seem to 
occur with similar frequencies in both populations. According to the 1989 National 
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Fig. 3. Rates of lower extremity amputation in United State per 1000 diabetic population by age and 
year. (From Centers for Disease Control and Prevention. Diabetes Surveillance, 1993. Atlanta, GA, 
US Dept. Health and Human Services, 1993, pp. 87-93.) 

Health Interview Survey, 2.8% of all diabetic persons surveyed reported a LEA com­
pared with a prevalence of 0.29% in persons not diagnosed with diabetes (27). This 
implies an overall tenfold risk in persons with known diabetes. LEA prevalence 
increased with advancing age in both groups, occurring in 3.6% of diabetic persons 
aged ;:::65 yr. These prevalence rates are similar to those found in the Oxford, UK study 
(15). Diabetic LEA rates also increased with age based on NHDS data, with the age­
specific rates gradually increasing from 1980 to 1990 (3) (Fig. 3). The highest rate in 
1990 was in the ;:::75 category (14.7/1000) as opposed to the broad 0-64 category 
n which the rate was 6.2/1 000. Amputation rates are consistently higher in males than in 
females (10,13,17,26,29). Data from the State ofWashington in 1988 indicate an over­
all relative risk (RR) of 48 for LEA in diabetic men and RR = 39.2 for diabetic women 
in comparison to persons without diabetes (29). In 1990, the national age-standardized 
LEA rate was 10.3/1000 for males compared with 6.4/1000 for females, a 60% excess 
in men (3) (Fig. 4). Racial and ethnic differences in frequency of amputation are also 
readily apparent from recent data. The American Diabetes Association reports that 
African Americans with diabetes have LEA rates 1.5-2.5 times that of Caucasians, 
whereas Native Americans rates can reach 3-4 times higher than found in whites (26). 
The 1990 age-adjusted rate in whites was 6.6/1000, whereas the rate in Blacks was 23% 
higher at 8.1/1000 with diabetes (3) (Fig. 5). A study of Califomia discharge data from 
1991 indicates somewhat higher rate distributions between blacks (95.3/10,000) and 
whites (56/10,000), but the incidence of diabetes-related LEA in Hispanics was approx 
20% lower than that found in whites (44.4/10,000) (31). However, diabetes accounted 
for 83% of all LEAs within the Hispanic population. Prospective data from several 
Native American populations reveal significantly higher rates of LEA than found in 
other ethnic groups (32,33). The age-adjusted incidence rate of first LEA among dia­
betic (NIDDM) Pima Indians was 137/10,000 person-years at risk (32). The rate of 
amputation in men was 2.6 that of women after controlling for age and diabetes dura­
tion. In Oklahoma Indians, first lower-extremity amputation occurred at an incidence 
rate of 180/10,000 person-years with males also having a rate twice as high as women 
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Fig. 4. Age-standardized rates for lower extremity amputation in United States per 1000 diabetic 
population by sex and year. (From Centers for Disease Control and Prevention. Diabetes Surveil­
lance, 1993. Atlanta, GA, US Dept. Health and Human Services, 1993, pp. 87-93.) 
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Fig. 5. Age-standardized rates for lower extremity amputation in United States per 1000 diabetic 
population by race and year. (From Centers for Disease Control and Prevention. Diabetes Surveil­
lance, 1993. Atlanta, GA, US Dept. Health and Human Services, 1993, pp. 87-93.) 

(33). The variations in LEA rate across different populations and ethnic backgrounds 
are summarized in Table 4. 

Several recent population-based studies illustrate both the differences in reported 
rates of amputation as well as differing methodologies used in determining these rates. 
The differing methods used to collect and analyze data often contribute to the discrep­
ancies in rates and make direct comparisons somewhat difficult (34,35). Regardless, 
trends in population are clearly evident, as are the aforementioned differences between 
sexes, age groups, and racial categories. As methodolgies improve and become more 
standardized, definitive comparisons between populations will be possible (34). 

The 4-yr population-based cohort study from Wisconsin reported the cumulative risk 
of LEA in both younger-onset and older-onset patients with diabetes to be 2.2% (11). 
True population incidence rates were not determined nor was a comparison made with a 
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Table 4 
Racial Variations in Incidence of LEA 

CDC Trautner Humphrey Lee Nelson 
Lavery 1993 1996 1996 1993 1988 

1996 CA NHDS Germany Nauru OK Pima 

White 
diabetesa 55.98 66 20.92 
no diabetesa 2.01 .94 
Relative risk RR = 28 RR = 22.2 
%LEA in DM 57% 77.4% 

Black 
diabetesa 95.25 81 
no diabetesa 6.78 
Relative risk RR = 14 
%LEA in DM 61.6% 

Hispanic 
diabetesa 44.43 
no diabetesa 1.74 
Relative risk RR = 25 
%LEA in DM 82.7% 

Natives 
diabetesa 81 180 137 
no diabetesa 0 
Relative risk RR = 00 

%LEA in DM 100 

a Rates per 10,000 at risk. 

nondiabetic population. In a retrospective cohort study from the UK, an annual cumula­
tive incidence rate of 5.7/1000 persons with diabetes was estimated (36). As in other 
retrospective studies, case ascertainment, quality of information, and population­
estimation methodologies become problematic. In an older study from the University 
Group Diabetes Program, there was a 13-yr cumulative LEA incidence of 3%, translat­
ing into 2.4 LEA per 1000 patients per year (37). The majority of cases were toe ampu­
tations, but the cumulative risk for major amputation (BKA or AKA) was 1.3% or 
1/1000 patients per year. One of the more thorough population studies to date was a 25-
yr retrospective open cohort study from Rochester, Minnesota (38). All 2015 newly 
diagnosed patients with diabetes from 1945 through 1979 were entered into the cohort 
and followed until1985 for the incidence of lower-limb amputations. The overall inci­
dence ofLEA in the diabetic cohort was 375/100,000 person-years (p-y). When age and 
sex adjusted to the 1980 white United States population, the rate was 167 per 100,000 p­
y. In NIDDM the overall rate was 388/100,000 p-y, and for patients with IDDM the rate 
was 283/100,000 p-y (adjusted values were 162/100,000 p-y and 337/100,000 p-y, 
respectively). The 25-yr cumulative risk of first LEA for both diabetic groups was 
approx 11 %, with a 17-fold risk of LEA in NIDDM patients in comparison to the non­
diabetic population. Furthermore, over 60% of lower extremity amputations in the pop­
ulation at large were attributable to non-insulin dependent diabetes. 
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Several international studies further illustrate the disparities in rates and prevalence 
of LEA obtained when studying various populations. In eastern Finland, a population­
based retrospective study deterrnined the age-adjusted rate of LEA per year for diabetic 
men to be 34.9/10,000, whereas the rate for diabetic women was 23.9 per 10,000 (39). 
When compared to the nondiabetic population, diabetic men and women had a 10.3-
and 13.8-fold increased risk of amputation, respectively. A prospective cohort study of 
1044 NIDDM patients from western Finland subsequently reported a cumulative inci­
dence of 58 first LEA, 5.6% in men and 5.3% in women after 7 yr (40). Amputated 
patients had a mean duration of diabetes greater than 9 yr at entry into the cohort. A 
recent population study from Gerrnany investigated the incidence of LEA by a review 
of operating-room records over a 2-yr period (41). Although complete case ascertain­
ment questions and population estimations are potential limitations of the study, the 
reported age-adjusted incidence rate was 20.9 LEA per ten thousand persons with dia­
betes. Seventy-seven percent of the amputations were perforrned on diabetic patients 
yielding a 22-fold increased risk for LEA in diabetes (RR = 22.2) and a population 
attributable risk of 72%. Two further prevalence surveys from Europe have recently 
been reported and seem to agree in their estimation of amputation frequency. In an out­
patient survey of 5843 diabetic patients from the Lombardia region of Italy, an overall 
LEA prevalence of 1.2% was found, whereas in England, a community-based survey 
and examination of 7820 persons with diabetes yielded an LEA prevalence of 1.25% 
(42,43). Finally, in a study from the Central Pacific island of Nauru, the estimated 
annual age-adjusted incidence ofLEA in NIDDM was reported to be 76 per 10,000 per­
son-years nationally and 81 per 10,000 p-y in a retrospective cohort study (44). These 
rates are comparable with those found in United States Pima Indians, especially when 
also stratified by duration of diabetes (32). Although these contrasts are useful in 
describing incidence and prevalence of LEA in defined populations, it should be reiter­
ated that cross comparisons are difficult because of discrepant methodologies and lack 
of standard reporting techniques (34). Table 5 summarizes the rates reported in several 
of these studies. 

Amputation Risk F actors 
Risk factors for diabetic LEA, are quite similar to those for foot u1ceration. In fact, 

foot u1ceration itself seems to be a major predisposing risk factor for LEA, preceding 
approx 85% ofpatients who go on to amputation (5,10,45,46). Therefore, the aforemen­
tioned etiologic factors for foot u1ceration should certainly be considered putative risk 
factors for LEA as is the prior occurrence of lower-limb amputation at any level. Most 
studies indicate that duration of diabetes, degree of glucose control, and various mea­
sures of neuropathy are independent predictors for amputation, as are blood pressure, 
retinopathy, nephropathy, and peripheral vascular disease or low TcP02 (11,32,33,40, 
44-48). Cigaret smoking is an inconsistent risk factor across a variety of study designs, 
perhaps because of a lack of power and inadequate samples of smokers. Table 6 sum­
marizes the results of several studies investigating risk factors for diabetic LEA. 

In their landmark paper, Pecoraro et al. deterrnined the causal pathways responsible 
for lower-extremity amputations in aseries of consecutive male diabetic patients (46). 
Using the model established by Rothman, the causal sequence was defined by both 
component and sufficient causes (49). Component causes are risk factors that are insuf­
ficient by themselves to cause the outcome of interest (LEA or ulceration) but are 
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Table 5 
Summary of Incidence of Lower Extremity Amputations in Selected Studies 

Diabetes-speciJic 
Findings 

Diabetes Below-knee 
Age-adjusted Number 0/ LEAs Per Among And Above-

10,000 Persons Per Year LEA knee 0/ Mean 
Cases Total LEA Hospital 

Study (year) No Diabetes Diabetes RR (%) (%) LOS 

Nelson (1988) 1.3° 137° 105 95 16 
Washington 1.0 52 52 50 

(1991) 
Newcastle 57 42 63 

(1992) 
CDC (1993) 81 51 43 20.6 
Lee (1993) 1800 41.7 
Humphrey 16.7° 17 61 68 

(1994) 
Lavery (1996) 3.5 54 15 62.6 
Lehto (1996) (5.5%) 46 
Humphrey 84° 100 61 

(1996) 
Trautner (1996) .94 21 22 77 44 

a Estimates given as incidence per 10,000 person-years. 
Modified frorn Reiber GE, Boyko EJ, Srnith DG. Lower extrernity foot ulcers and amputations in 

diabetes. In: Harris MI, Cowie C, Stern MP, eds. Diabetes in America, 2nd ed. NIH Publication No. 95-
1468,1995. 

Table 6 
Risk Factors for Diabetic Lower Extremity Amputation 

High High PVDor 
Author Neuropathy Duration HbAlc BP Sex Ulcer TcP02 Smoking 

Nelson (1988) + + + + 0 
Reiber (1992) + + + + 0 
Moss (1992) + + + + + 
Lee (1993) + + + + + 
Selby (1995) + + + + 0 
Lehto (1996) + + + + 0 
Humphrey + + + 0 

(1996) 

Modified frorn Reiber GE, Boyko EJ, Smith DG. Lower extrernity foot ulcers and amputations in 
diabetes. In: Harris MI, Cowie C, Stern MP, eds. Diabetes in America, 2nd ed. NIH Publication No. 95-
1468,1995. 
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Table 7 
Mortality Following LEA in DM 

Selected studies by 
time period 

• l-yr mortality 
-Lund, Sweden 
-Newcastle, UK 

• 2-yr mortality 
-Lund 
-Newcastle 

• 3-yr mortality 
-Lund 
-Oklahoma Indians 

• 5-yr mortality 
-Pima Indians 
-Oklahoma Indians 
-Lund 

Reference 

(5) 
(36) 

(5) 
(36) 

(5) 
(33) 

(32) 
(33) 
(5) 

% 

20 
40 

31 
50 

41 
40 

39 
60 
73 
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required components of a complete causal pathway that is sufficient to produce the out­
come. A sufficient cause is therefore a constellation or grouping of the minimal number 
of specific component causes that, in concert with each other, inevitably produce dis­
ease. There can be a number of sufficient causes with various combinations of compo­
nent causes that produce the same outcome. However, removal of any component cause 
will block the completed pathway to the sufficient cause and thereby prevent disease 
through this specific pathway. Pecoraro found that the particular triad of minor trauma, 
cutaneous ulceration, and wound healing failure preceded 72% of amputations, often 
in combination with gangrene and infection (46). Eighty-four percent of the amputa­
tions could in part be attributed to cutaneous ulceration, 81 % to faulty wound healing, 
81 % to initial minor trauma, 46% to ischemia, 55% to gangrene, 59% to infection, and 
61 % to neuropathy. A pivotal triggering event was identifiable in 86% of the cases 
which led to the sequence of events completing the causal chain to amputation. Most of 
the pivotal events were minor trauma that caused ulceration and most could have been 
prevented. 

MORTALITY 

Prevention or control of predisposing risk factors takes on immediate significance 
when one evaluates the survival data after lower-extremity amputation in diabetic 
patients. (Table 7). The 3- and 5-yr survival rates are approx 50 and 40%, respectively 
with the major cause of death being from cardiovascular disease (26). Following one 
lower-extremity amputation, there is a 50% incidence of serious contralateral foot 
lesion within 2-yr and a 50% incidence of contralateral amputation within 2-5 yr (50). 
The 30-d diabetic amputation mortality averaged 5.8% in the United States between 
1989 and 1992 according to NHDS data (10). A study from Lund, Sweden reported only 
a 27% 5-yr survival rate after amputation with a fourfold excess risk of mortality when 
compared to an age- and sex-matched Swedish population (5). These authors also found 
a 3-yr cumulative additional amputation rate of 48% after undergoing an initial diabetic 



286 Frykherg, Habershaw, and Chrzan 

LEA, indicating the significance of this event as a risk factor for further amputation. 
The higher mortality rates in diabetic patients were confirmed in a Finnish study that 
contrasted survival after first LEA between diabetic and nondiabetic subjects (39). After 
adjusting for age, diabetes status per se did not contribute to mortality in men, but inde­
pendently predicted mortality in women. In a study of LEA in the Netherlands, the peri­
operative age-adjusted death incidenee after diabetes-related amputations was 
36.3/1000, whereas the rate in nondiabetic LEA was 28.2/1000 (51). Although 9% of 
the diabetic amputees died while in the hospital, nondiabetic amputees with peripheral 
vascular disease (PVD) had higher mortality rates than even the diabetic patients with 
PVD. In the diabetic population, both age and multiple amputations within one hospi­
talization were significant negative predictors for surviving the operation. In the retro­
spective survey from Newcastle, UK, the mortality within 30 d after amputation was 
10% (36). The median life expectancy was 22 mo after surgery and 19% ofthe patients 
underwent an additional amputation within the 36-mo follow-up period. Most of these 
patients had PVD and the majority of amputations were at or above the knee level. In 
the 12-yr Pima Indian study, 15% of all diabetic deaths occurred in amputees (32). After 
controlling for age, sex, and diabetes duration, the death rate in amputees was 1.6 times 
greater than that of nonamputated diabetic persons. The estimated 5-yr survival was 
61 % in this population after first LEA, with the most eommon causes of death being 
cardiovascular disease. Also within the Native American population, the Oklahoma 
Indian Study reported a 66% increased mortality in those NIDDM patients with ampu­
tation compared to nonamputees (33). There was also a trend for higher death rates with 
higher levels of amputations, as found in other mortality studies. The 3-yr survival rate 
after first LEA was 59.8%, whereas 40.4% survived after 5 yr. Diabetes and cardiovas­
cular disease were the most common causes of death. In summary, it is apparent that 
survival rates after diabetic LEA vary depending on age, sex, level of amputation, and 
perhaps across populations. Notwithstanding these factors, diabetic amputees clearly 
suffer earlier mortality than their diabetic cohorts who have not undergone amputation. 

PREVENTION 

Prevention is indeed the key element in reducing the incidence not only of lower­
extremity amputation, but of diabetic foot u1cerations as well. Since approx 70--80% or 
more of amputations are preceded by u1ceration, efforts aimed at preventing foot lesions 
can also have a major impact on the frequency of amputation (5,46,52). This is best 
accomplished through the coordinated effort of multiple specialists working together as 
a foot-care team with a primary goal of limb preservation (6,20,52,53,54). Regular 
podiatric examinations and foot care, proper footwear, pressure reduction, and patient 
education are the major faeets of the prevention program (53). When an acute lesion 
develops, the entire foot-care team is called into service to provide aggressive, early 
intervention to prevent progression of the lesion. As indicated, foot-sparing procedures 
are preferred to amputations, with an eye towards maintaining foot function and struc­
ture (54). Once healed, attention is redirected to preventive foot care, appropriate shoe­
ing, and preventive education. Figure 6 illustrates the composition of such a foot team 
that employs the services of apodiatrist, diabetologist, vaseular surgeon, and numerous 
other multidisciplinary specialists. 

The suecess of the multidisciplinary team approach has been amply demonstrated by 
Edmonds et al., who reported that 86% of neuropathie u1cers and 72% of ischemic 



Chapter 17 / Epidemiology of the Diabetic Foot 

Hospital Referral Y Y Primary Care Physician 

Vascular 
Surgeon 

Infectious Disease 
Orthopedist 
Cardiologist 
Neurologist 
Nephrologist 
Teaching Nurse 

Radiologyl Nuclear Medicine 
Vascular laboratory 
Clinicallaboratory 
Physical therapy 
Pedorthistl Orthotist 

Diabetologist 
Internist 

Fig. 6. Paradigm for multidisciplinary diabetic foot service. 
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ulcers healed through such a comprehensive management (6). Those patients who wore 
appropriate footwear as recommended experienced one-third the relapse rate of ulcera­
tion as compared to those who wore their usual shoes. Notably, there was a 58% reduc­
tion in the number of annual amputations once the specialized foot dinic had been 
established. The Manchester program also relies heavily on podiatric care in providing 
prophylactic foot care, pressure reduction, and ulcer care (55). Although achieving heal­
ing in 81 % of their ulcer cases, they note a 42% reduction in amputation since the initi­
ation of the multidisciplinary dinic. In the United States, a dramatic reduction in yearly 
amputations was reported from the Winnebago Indian Health Service Hospital (56). 
After the implementation of a podiatric medical service to provide comprehensive foot 
care to this high-risk population, a 100% reduction in amputation rate was achieved 
within 1 yr. Averaging 16 lower-limb amputations annually before the program, no 
limbs had been reported lost in the 2 yr since its establishment. At the New England 
Deaconess Hospital in Boston, significant reductions in LEA and length of hospital stay 
have taken place since integrating podiatric services and local procedures into the limb­
salvage strategy for ischemic diabetic foot ulcers and infections (57,58). Finally, a 78% 
reduction in the incidence of major amputations was achieved in Sweden upon the 
establishment of a multidisciplinary program for the prevention and treatment of dia­
betic foot ulcers (52). 

As many of the cited studies suggest, the majority of amputations could be prevented 
through programs designed to prevent and treat foot ulcers and that recognize the essen­
tial role of patient education pertaining to diabetic foot care. The American Diabetes 
Association estimates that up to 50% of diabetic LEA can be prevented through aggres­
sive treatment and education programs (26). With an annual incidence of 80/10,000 
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people, they project that 15,000 amputations per year can be prevented should this tar­
get be achieved. Aside from morbidity, mortality, and disability associated with LEA, 
the cost savings attendant with prevention programs are quite significant. The total cost 
of an amputation is estimated to be between $24,000 and 40,000 with approx $1 billion 
spent on the 54,000 LEAs performed in 1990 (10). If just 15,000 cases per year can be 
prevented as predicted by the ADA, a cost savings of $360 million annually could be 
realized. Clearly, this tragic outcome of diabetic foot lesions must be adequately 
addressed and controlled if we are to improve the quality of life of the 16 million people 
in the United States with this disease. Recognizing both the necessity and morbidity 
attendant with diabetic lower-extremity amputations, the United States Department of 
Health and Human Services has set a goal to reduce the incidence of such procedures by 
40% by the year 2000 (59). 
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INTRODUCTION 

The diabetic foot can present with many different problems, but the most important 
c1inically are ulceration, amputation, and Charcot neuroarthropathy. These will be the 
focus of this chapter. Many diabetic complications have a great impact on the foot and 
it is therefore not surprising that diabetic foot problems account for more hospital inpa­
tient days than any other diabetic problem (1). Diabetic neuropathy and peripheral vas­
cular disease are the main etiological factors in foot ulceration, and may act alone, 
together, or in combination with other factors such as microvascular disease, biome­
chanical abnormalities, limited joint mobility, and increased susceptibility to infection. 
A thorough understanding of the contributory factors that lead to foot u1ceration and 
amputation is essential for successful treatment of established pathology. Perhaps more 
importantly, as the role of education and appropriate footwear in preventing u1ceration 
and amputation is now established, accurate identification of high-risk patients on 
whom these services can be focused is vital. 

PERIPHERAL VASCULAR DISEASE 

Atherosc1erotic vascular disease is probably present (at least in a subc1inical form) in 
most patients with long-duration diabetes. The basic pathophysiology of atherosc1erosis 
is no different in diabetic than nondiabetic patients and is characterized by endothelial 
damage followed by platelet aggregation, lipid deposition, and smooth musc1e prolifer­
ation with plaque formation. The same risk factors also operate and inc1ude smoking, 
hypertension, dyslipidaemia, abnormal fibrinolysis, and altered platelet function (2). 
These c1assical risk factors, however, do not fully explain the huge excess of vascular 
disease in diabetes, and attention has recently focused on endothelial dysfunction and 
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particularly adhesion molecules. Binding of monocytes, leukocytes, and platelets to the 
endothelium is one of the earliest steps in the pathogenesis of the atherosc1erotic plaque 
and is promoted by adhesion molecules, such as intercellular adhesion molecule-l and 
vascular cell adhesion molecule-l. Such molecules have now been found to be elevated 
in diabetes (3) and especially so in patients with microalbuminuria (4), a group known 
to be at particularly high risk of vascular disease. 

Like other forms of macrovascular disease, peripheral vascular disease (PVD) is 
more common in diabetes. The Framingham study found a 50% excess of absent foot 
pulses in diabetic females and a nonsignificant 23% excess in diabetic males (5). In 
another population-based study using Doppler pressures, PVD (diagnosed as ankle 
brachial pressure index less than or equal to 0.9) was found to be 2.5 to 3 times more 
common in diabetic than nondiabetic subjects (6). Only in females with type 1 diabetes 
was the excess of PVD over controls not statistically significant, but this was probably 
related to the small number of cases. The distribution of vascular disease in the lower 
limb is thought to be different in diabetes, with more frequent involvement of vessels 
below the knee. Surprisingly, however, there are few good studies available to support 
this widely held belief. In diabetic patients with known vascular disease, Strandness 
reported two thirds of the patients having infrapopliteal disease (7) on the basis of c1in­
ical findings, and King found involvement of the profunda femoris was increased in dia­
betes (8). Arecent detailed study of angiograms (9) demonstrated that among patients 
requiring angiography for c1inical purposes, proximal disease was equally common in 
diabetic and nondiabetic subjects, but calf-vessel steno ses were about twice as frequent 
in diabetic subjects. Although PVD is more prevalent among the diabetic population, 
once established, it does not progress any more rapidly than does PVD in the nondia­
betic population (10). The difficulties posed by the distribution may be further compli­
cated by a reduced ability to develop a collateral supply, but despite these problems, 
revascularization procedures are frequently successful, although may require a more 
distal anastomosis. 

In the pathogenesis of u1cers, ischemia is a major factor in 38 to 52% of cases 
(11,12), and Pecoraro attributed 46% of amputations to ischemia (13). Unlike nondia­
betic patients with PVD, who usually present with intermittent c1audication, the first 
presentation among diabetic patients is often with ischemic u1ceration or even gangrene. 
This is probably because of a combination of concomitant neuropathy and a more distal 
pattern of involvement, but means that the disease is more advanced at presentation, and 
less amenable to revascularization either by angioplasty or bypass. Spontaneous 
ischemic u1ceration is rare and the usual trigger is minor trauma. Injury leads to 
increased demands on the circulation that cannot be met, and ischemic u1ceration with 
the risk of amputation follow. 

DIABETIC NEUROPATHY 

Somatic Neuropathy 
Chronic sensorimotor peripheral neuropathy, as detailed in other chapters, is one of 

the commonest long-term complications of diabetes. It was found in at least one third of 
older diabetic hospitaloutpatients (14), in 28% ofIDDM subjects in the large EURO­
DIAB study (15) and in 16% of a population-based sampie from the south of England 
(16). Peripheral somatic neuropathy has been associated with foot u1ceration in several 
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cross-sectional studies (17,18), and its central role in ulceration has been confirmed by 
arecent prospective study. Young et al. showed that in a population free of significant 
peripheral vascular disease, peripheral neuropathy as measured by vibration perception 
using a biothesiometer was associated with a sevenfold increase in the risk of foot ulcer­
ation during a 4-yr follow-up period (19). Similarly, using pressure perception thresh­
olds-another large fiber function-in a 32-mo prospective study of American Indians, 
insensitivity to the lO-g monofilament predicted a lO-fold increase in plantar ulceration 
(20). The onset of neuropathy is insidious and data from the Rochester study suggest 
that only 28 to 29% of patients with objective evidence of neuropathy have any related 
symptoms (21). Thus, progression to the insensitive foot at high risk of ulceration can 
oceur without the patient being aware of any disorder. Identifieation of the neuropathie 
foot at risk of ulceration therefore relies on eareful and regular examination. The pres­
enee of neuropathie pain does not of course mean that sensation is intaet; usually the 
opposite applies and positive neuropathic symptoms are aeeompanied by redueed or 
absent sensation rendering the foot at high risk of ulceration. The high-risk foot typi­
eally has reduced or absent sensation to painful, thermal, and vibration modalities. 
Moreover, the motor eomponent leads to wasting of the small intrinsie muscles of the 
foot with a eonsequent imbalanee of flexor and extensor muscles leading to clawing of 
the toes and prominenee of the metatarsal heads. This alters the biomeehanical funetion 
of the foot, and is discussed later in this chapter. 

Autonomie Neuropathy 

Sympathetie dysfunetion affecting the lower limbs leads to redueed sweating and 
results in dry skin that is prone to eraek and fissure. This ean be an initiating event in 
foot ulceration, and ean act as a portal of entry for mieroorganisms. Sympathetie failure 
also increases blood flow to the foot (in the absence of large vessel PVD) as a result of 
opening of arteriovenous shunts. The insensitive foot is therefore often warm, resulting 
in a false sense of security, as the patient (and unfortunately sometimes the physician) 
pereeives that because the eirculation is intact, the risk is minimal. Autonomie neuropa­
thy ean also markedly reduce toe blood pressure (22 )-an important observation, as toe 
pressures are sometimes used to assess PVD in an attempt to overcome the problems of 
the false elevation of ankle pressures eaused by medial arterial calcifieation. 

It must be pointed out, however, that the neuropathie foot does not ulcerate sponta­
neously: It is the eombination of neuropathy and trauma, whether extrinsic from, for 
example, ill-fitting footwear or intrinsic from repetitive pressure on the plantar surface 
of the foot during walking that results in tissue breakdown. Thus, the dorsum of the 
toes, where tight shoes usually rub, and the metatarsal heads, where dynamie plantar 
pressures are highest, are the most frequent sites of neuropathic ulceration. 

OTHER RISK FACTORS FOR FOOT ULCERS 

Biomeehanieal Aspeets 
The trauma required to ulcerate the neuropathie foot can take several different forms. 

Sometimes it is a single event such as standing on a nail, but more frequently it oceurs 
as repeated minor trauma sueh as unpereeived shoe rubbing to the toes or inereased 
pressure beneath the metatarsal heads during walking. A number of studies have clearly 
demonstrated that vertieal dynamic plantar foot pressures are elevated in diabetie neu-
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ropathy and especially in patients with a history of plantar ulceration (23,24). More 
importantly, a prospective study has shown that elevated plantar pressures are predic­
tive of ulceration, with 17% of patients with high foot pressures developing plantar 
ulcers during a 30-mo follow-up period, whereas no plantar ulcers developed in patients 
with normal pressures (25). The presence of callus (hypertrophy and excessive kera­
tinization of the stratum comeum in response to pressure ) may exacerbate the problem 
both by acting as a foreign body and by increasing plantar pressures. The presence of 
callus has been shown among patients with neuropathy and high pressures to be a strong 
predictor of plantar ulceration (26), and its removal significantly reduces foot pressures 
(27). Interestingly, callus was a better predictor of ulceration than was foot pressure 
(26), and there are a number of possible explanations for this. Firstly, callus may pro­
vide areal measure of long-term exposure to high pressure (mainly while wearing 
footwear), whereas foot pressures in this study measured only the barefoot condition. 
Secondly, the variability of foot-pressure measurements probably reduces their predic­
tive power. Thirdly, the pressure required to produce callus may vary between individ­
uals, but the development of callus may represent an abnormal response to pressure, 
which is part ofthe same process that leads to ulceration. Finally, foot-pressure systems 
measure only vertical pressure, but callus and ulceration develop in response to vertical 
and horizontal forces, and callus may represent a better measure of "total pressure." 

The main cause of increased pressure is thought to be the alteration in foot shape 
resulting in prominent metatarsal heads. The distal nature of diabetic neuropathy is 
equally true for the motor, as well as the sensory changes, and causes atrophy of the 
intrinsic musc1es ofthe foot (predominantly plantar flexors ofthe toes), with sparing of 
the long dorsiflexors. This alters the flexor/extensor balance at the metatarso-pha­
lange al (mtp) joints and causes c1awing of the toes and may be associated with sublux­
ation at the MTP joints. There is a resultant anterior displacement of the submetatarsal 
fat pads, and indeed reduced subcutaneous tissue thickness at the metatarsal heads has 
been confirmed in diabetic neuropathy (28). Similar foot deformities are seen in 
rheumatoid arthritis, and a similar combination of increased foot press ures and reduced 
subcutaneous tissue thickness has been observed in these patients (28,29). This demon­
strates not only that reduced subcutaneous tissue thickness is a key determinant of 
metatarsal head pressure, but that it is only the combination of high pressure and neu­
ropathy that leads to plantar ulceration-in rheumatoid arthritis, neither insensitivity 
nor plantar ulceration occur (29). 

A further contributing factor to elevated plantar pressure is limited joint mobility. 
Advanced glycosylation end products are now a well-recognized feature of chronic 
hyperglycemia, and when glycosylation of collagen occurs the collagen bundles 
become thickened, cross-linked, and less flexible. This is manifested c1inically as thick, 
tight, waxy skin and restriction of joint movement. Limited joint mobility (UM) of the 
subtalar joint alters the mechanics of walking and is strongly associated with high plan­
tar pressure (30). Indeed, this study seemed to suggest that UM, as assessed in the 
hands by the prayer sign, was more strongly associated with elevated foot pressures 
than was neuropathy. Differences in joint mobility have also been suggested as being 
responsible for the lower pressures and lower ulceration rates seen in black diabetic 
patients (31). Further support for an alteration in the mechanics of walking in neuropa­
thy comes from our own recent data (32) in which peak pressure (the only parameter 
measured in most previous studies) was found to be much less abnormal than pressure 
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time integrals, indicating an abnormality in the way in which forces are applied through 
the foot during walking. 

Little attention has been paid to understanding the mechanism by whieh pressure 
abnormalities lead to tissue damage. Landsmann et al. (33) studied the effects of pres­
sure on endothelial cells in culture. Whereas the magnitude of the applied press ure 
determined cell deformation, it was only the rate of increase of pressure that determined 
the degree of cellular injury (as measured by intracellular calcium changes). Addition­
ally, older cells (believed to be more analogous to diabetie cells) were more likely to 
show signs of permanent damage. The c1inical implications are not only that diabetic 
tissue may be more susceptible to the effects of pressure than normal tissue, but that the 
rate of pressure increase (possibly higher in neuropathie subjects because of weakness 
of ankle dorsiflexion and resultant "foot slap" during walking) is more important than 
peak pressure. This remains to be tested c1inically. 

Abnormalities 0/ the Microcirculation 
Thickening of capillary basement membranes is central to the development of dia­

betie retinopathy and nephropathy, and c10sely linked with neuropathy. Similar changes 
can be found in most tissues, and although mierovascular disease alone does not cause 
foot ulceration, it is almost certainly a contributory factor. Evidence of a functional 
microvascular dis order can be found in uncomplicated diabetes, diabetic neuropathy, 
and macrovascular disease. The key abnormalities are increased resting microvascular 
flow, impaired postural vasoconstriction, and a reduced hyperemic response to nocicep­
tive stimulation. In the neuropathie foot, much of the excessive resting flow is through 
arteriovenous shunt vessels (34) and, whereas there is also evidence of increased flow 
through nutritive skin capillaries, this may not be enough to compensate for the 
increased metabolie requirements resulting from the higher temperature of the neuro­
pathie foot. When functioning normally, autoregulatory mechanisms maintain a con­
stant flow at varying perfusion press ures, and to achieve this induce vasoconstriction in 
the foot when the leg is dependent. When this postural vasoconstriction is lost, capillary 
flow and pressure increase on standing (35) and edema may occur. This edema, whieh 
is seen in both neuropathy and ulceration, impairs wound healing. Nociceptive stimula­
tion either by iontophoretieally applied acetylcholine or by a needle prick results in a 
flare response that may, in normal subjects, last for 24 h. The loss of this response is 
partieularly marked in neuropathy (36) and impairs the capability of the tissue to 
respond appropriately to trauma, and mayaiso further reduce the patient's already lim­
ited ability to detect pain. 

Other Long-Term Complications 
Patients with retinopathy and nephropathy have been shown to have an increased risk 

offoot ulceration and amputation (37-39). The pathogenie mechanisms by which these 
other complications lead to ulceration and amputation are not entirely c1ear, and none of 
these studies has corrected for neuropathy and PVD, so it is not possible to judge 
whether this relationship is indeed causal or just arefleetion of the c1ustering of compli­
cations. However, visual impairment makes it more diffieult for patients to identify a 
lesion at an early stage and tissue repair is slow in nephropathy, because of edema, the 
frequent coexistence of macrovascular disease, and immunologieal abnormalities. 
Thus, such patients must always be regarded as being at high risk. 
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Previous Foot Ulceration 
Several studies have confirmed that foot ulceration is more common in those patients 

with a past history of ulceration or amputation (20,26) as well as in patients with a poor 
social background. In fact, previous ulceration is probably the single most important 
predictive factor of ulceration. 

Diabetes Duration and Control 
Several studies, inc1uding arecent, large, case-control study from the United States 

have demonstrated that poor glycemic control as measured by HbA1c, fasting and even 
a single random blood glucose is strongly predictive of subsequent amputation (38,39). 
Indeed, among Finnish NIDDM patients, the incidence of amputation was significantly 
higher among patients with poor control and short-duration diabetes than those with 
good control and long diabetes duration (28). Most of these studies report amputations 
occurring over a number of years after the baseline examination and conc1ude that poor 
glycemic controlleads to a more rapid progression of complications and impairs wound 
healing. However, glycemic control when specifically examined (40), was not a good 
predictor of ulcer healing, and furthermore, we have recently found that poor glycemic 
control also predicts ulceration in the short term (less than l-yr follow-up) (41), during 
which time advancement of neuropathy and vascular disease should not be significant. 
It appears, therefore, that a less enthusiastic approach to personal healthcare is manifest 
as both poor glycemic control and less diligent footcare. 

Race 
Lower-extremity amputation rates have been shown to be high among several groups 

of American Indians (37,42,43) and although these studies have not measured the rate 
among white Americans, comparison with other data indicated an excess risk in most of 
these populations. This is most marked in the Oklahoma Indians (43) whose amputation 
rate is more than four times higher than that in the general United States diabetic popu­
lation. Studies in the United Kingdom have shown lower incidences of amputation and 
foot ulceration in the Asian than the white population (44,45). The data on the rates in 
black patients are rather scanty. Most and Sinnock reported that amputation was per­
formed more than twice as frequently in black compared to white diabetic patients (46), 
but Selby recently found no difference in a black population with good access to health­
care (39). Unfortunately, none ofthe studies of ethnic groups directly addresses the rea­
sons for the reported differences. Access to healthcare seems an unlikely explanation 
for all of these findings, and biological variation between races is probably important. 
Nelson speculated (37) that among Pima Indians, the earlier onset of NIDDM (and 
therefore longer diabetes duration in a population matched for age), a tendency to walk 
barefoot, and the documented high prevalence of medial arterial calcification in the 
peripheral circulation (itself a strong predictor of amputation in this population) may 
contribute to the high amputation rates. 

Cardiovascular Factors 
Several prospective studies have linked hypertension with amputation (39,43), and 

although this was not confirmed in Pima Indians or middle-aged Finnish subjects 
(37,38), a similar nonsignificant trend was apparent in both of these populations. It is 
not dear whether hypertension acts by increasing, either directly or indirectly, the 
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prevalence or severity of peripheral vascular disease, however, neither lipid abnormali­
ties nor, surprisingly, smoking appear to predict amputation, suggesting that the role of 
hypertension is through a different mechanism. 

Behavioral/Psychological Factors 
Despite the fact that causal pathways to ulceration are weH recognized and many 

high-risk patients receive education, ulceration remains common. It has been suggested 
that denial of risk is the main reason for this, and indeed Walsh et al. (47) have previ­
ously published aseries of cases demonstrating extreme denial in foot ulcer patients. 
However, in our own prospective study of psychological factors in foot ulceration (41 ), 
measures of denial have failed to predict ulceration. In contrast, neuropathic patients 
developing ulcers showed a more negative attitude to the feet, and their belief in the 
efficacy of advice was lower compared to patients who did not develop ulcers. 

Wound H ealing 
Slow wound healing and increased susceptibility to infection increase the problems 

of foot ulceration and may predispose to amputation. A number of inherent immunolog­
ical abnormalities have been documented in diabetes, and several studies have shown an 
increased infection rate in postoperative wounds (48). Neutrophil function is impaired, 
with abnormalities of adherence, chemotaxis, phagocytosis, and killing ability (49) and 
these may be partly caused by ascorbic acid transport defects (50). We have recently 
looked at TGFß in diabetic foot ulcers, as TGFß is known to be central to the process of 
wound healing (51). We observed that there was a failure ofupregulation ofTGFßl in 
and around diabetic foot ulcers, despite the obvious requirements for tissue repair. 
There was also a suggestion that TGFß 1 was present at lower levels in diabetic than 
nondiabetic skin. 

Pecoraro et al. looked at factors predicting poor wound healing in diabetic patients 
with foot ulcers (40), and found that periwound tissue oxygenation was the most impor­
tant. It was superior to the same measurements carried out on the dorsum of the foot and 
also to dorsalis pedis arterial pressure. This suggests that local factors, such as impaired 
microvascular responses to physiological stimuli and tissue edema are at least as impor­
tant as arterial inflow in determining the adequacy of tissue oxygenation, and hence the 
ability to mount an adequate healing response. 

Another factor that may be important in the development of ulceration is the tissue 
response to trauma. Recent interesting work (52), has shown microhemorrhages in the 
subcutaneous tissue around the first metatarsal head in six out of nine patients with pre­
vious neuropathic ulceration, but in neither neuropathic nor nonneuropathic controls. 
This may represent capillary fragility, and an important new step in the pathway to 
ulceration, as hemorrhage into callus is recognized as commonly preceding ulceration. 
However, larger prospective studies are required to demonstrate that this is causal of 
and not secondary to ulceration. 

CHARCOT NEUROARTHROPATHY 

A Charcot joint is characterized by the simultaneous presence of bone and joint 
destruction, fragmentation, and remodelling. It occurs in a wide range of neurological 
conditions in which sensory loss is an important component. Diabetes is the common­
est cause ofthe Charcotfoot and most patients have a dense neuropathy, but good cir-
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eulation (53). The diagnosis is frequently missed or overlooked and early studies 
almost eertainly underestimated its prevalenee. A more reeent systematie radiologie al 
survey found evidenee of Chareot neuroarthropathy in 16% of diabetie patients with a 
history of neuropathie ulceration (53). Classieal textbook deseriptions are of a painless 
deformity, but up to 50% experienee some pain and diseomfort, although it is never 
enough to prevent patients from weight bearing. In the early stages, the foot is warm 
and swollen, and plain radiographs ean oeeasionally be normal, although isotope stud­
ies always show a huge inerease in the blood flow to the bones of the foot. The mid­
foot is the most frequently affeeted site, and progressive joint destruetion leads to the 
eollapse of the transverse and longitudinal arehes, produeing a roeker-bottom foot with 
bony prominences, and a high risk of ulceration and amputation. The rarer hindfoot 
Chareot ean result in eomplete erosion of the talus and ealcaneum, so that the tibia rests 
on the ground. 

Early animal experiments suggested that simply walking on an insensitive limb eould 
lead to joint destruetion (54). Exeessive and repetitive stress to bones leads to 
mierofraetures, whieh render the bone more brittle and eould lead to joint destruetion 
(55). However, the degree ofbone destruetion often seen in the absence ofmajor injury 
has suggested the presenee of an underlying bone abnormality, resulting in pathologie al 
fraetures, with subsequent fragmentation and joint destruetion resulting from eontinued 
weight bearing on the injured, but insensitive foot. Isotope studies have shown 
inereased blood flow to and vaseularity of the bones in the feet of neuropathie patients 
(56), and this is thought to be beeause ofthe arteriovenous shunting seen in autonomie 
neuropathy. This appears to promote osteoc1astie aetivity and was espeeially marked in 
both the affeeted and unaffeeted feet of Chareot patients, and might lead to a degree of 
osteoporosis. Indeed, reeently Young has shown a 16% reduetion ofbone-mineral den­
sity in the lower limbs of patients with a Chareot foot, when eompared to neuropathie 
eontrols (57). This hypothesis, however, remains ineompiete, as it is heavily reliant on 
the role of autonomie neuropathy, whieh although prominent in many diabetie patients, 
is not a feature of some of the other neurologieal eonditions associated with Chareot 
joints. Like other theories, it also fails to explain why the bone destruetion is eentered 
around joints and does not affeet sites distant to artieulations. We have previously 
reported the presenee of periartieular erosions in Chareot feet (58). These appear to pre­
eede fraetures, and perhaps suggest that an aetive inflammatory arthropathy (possibly 
eaused by minor trauma), prolonged by eontinued weight bearing, and eharaeterized 
by the produetion of eytokines promoting loeal bone resorption, erosions, and ulti­
mately fraetures, eould be a erueial step in the pathogenesis. A full understanding of the 
pathologieal proeess leading to the often dramatie and progressive destruetion seen in 
this eondition has not yet been arrived at, and as it is rare and usually presents late, the 
opportunities for further studies are limited. 

CONCLUSION 

Although the roles of peripheral neuropathy and peripheral vaseular disease are now 
well established as the main etiologieal faetors in diabetie foot ulceration, there is mueh 
work to be done in both the way in whieh ulcers develop and the interactions of the 
main risk faetors with eaeh other and with all the other risk faetors diseussed in this 
ehapter. However, this eomplexity should not deter the c1inieian, as it is now very c1ear 
that simple c1inieal tests will identify patients at risk of ulceration and amputation, and 
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appropriate, but simple education about foot care can greatly reduce the likelihood of 
developing diabetic foot problems. 

REFERENCES 

1. Williams DRR. Hospital admissions of diabetic patients: information from hospital activity analysis. 
Diabetic Med 1985;2:27-32. 

2. Bell P. Vascular disease: aetiology and presentation. In: Boulton AJM, Connor H, Cavanagh PR, eds. 
The Foot in Diabetes, 2nd ed. Wiley, Chichester, UK, 1994, pp. 121-135. 

3. Fasching P, Waldhausl W, Wagner OF. Elevated circulating adhesion molecules in NIDDM-poten­
tial mediators in diabetic macroangiopathy (letter). Diabetologia 1996;39:1242-1244. 

4. Schmidt AM, Crandall J, Hori 0, Cao R, Lakatta E. Elevated plasma levels of vascular cell adhesion 
molecule-l (VCAM-l) in diabetic patients with microalbuminuria: a marker of vascular dysfunction 
and progressive vascular disease. Br J HaematoI1996;92:747-750. 

5. Abbott RD, Brand FN, Kannel WB. Epidemiology of some peripheral arterial findings in diabetic men 
and women: experiences from the Framingham Study. Am J Med 1990;88:376-381. 

6. Walters DP, Gatling W, Mullee MA, Hill RD. The prevalence, detection and epidemiological corre­
lates of peripheral vascular disease: a comparison of diabetic and non-diabetic subjects in an English 
community. Diabetic Med 1992;9:710-715. 

7. Strandness DE, Priest RE, Gibbons RE, Seattle MD. Combined clinical and pathological study of dia­
betic and non diabetic peripheral artery disease. Diabetes 1961;13:366-372. 

8. King TA, DePalma RG, Rhodes RS. Diabetes mellitus and atherosclerotic involvement of the profunda 
femoris artery. Surg Gynecol Obstet 1984;159:553-556. 

9. Jude E, Shaw J, Chalmers N, Boulton AJM. Peripheral vascular disease (PVD) in diabetic and non-dia­
betic patients-a comparison. Diabetic Med 1996; 13(suppl 7):S47. 

10. Osmundson PJ, O'Fallon WM, Zimmerman BR, Kazmier FJ, Langworthy AL, Palumbo PJ. Course of 
peripheral arterial occlusive disease in diabetes. Vascular laboratory assessment. Diabetes Care 
1990;13:143-152. 

11. Edmonds ME. Experience in a multi-disciplinary diabetic foot clinic. In: Boulton AJM, Connor H, 
Ward JD, eds. The Foot in Diabetes, 1st ed. Wiley, Chichester, UK, 1987, pp. 121-133. 

12. Thomson FJ, Veves A, Ashe H, Knowles EA, Gern J, Walker MG, Hirst P, Boulton AJM. A team 
approach to diabetic foot care: the Manchester experience. The Foot 1991;1:75-82. 

13. Pecoraro RE, Reiber GE, Burgess EM. Pathways to diabetic limb amputation. Basis for prevention. 
Diabetes Care 1990;13:513-521. 

14. Young MJ, Boulton AJM, MacLeod AF, Williams DRR, Sonksen PH. A multicentre study of the 
prevalence of diabetic peripheral neuropathy in the United Kingdom hospital clinic population. Dia­
betologia 1993;36:150-154. 

15. Tesfaye S, Stevens LK, Stephenson JM, et al. Prevalence of diabetic peripheral neuropathy and its rela­
tion to glycaemic control and potential risk factors: the EURODIAB IDDM complications study. Dia­
betologia 1996;39: 1377-1384. 

16. Walters DP, Gatting W, Mullee MA, Hill RD. The prevalence of diabetic distal sensory neuropathy in 
an English community. Diabet Med 1991;9:349-353. 

17. Sosenko JM, Kato M, Soto R, Bild DE. Comparison of quantitative sensory-threshold measures for 
their association with foot ulceration in diabetic patients. Diabetes Care 1990; 13: 1057-1061. 

18. Boulton AJ, Kubrusly DB, Bowker JH, Gadia MT, Quintero L, Becker DM, Skyler JS, Sosenko JM. 
Impaired vibratory perception and diabetic foot ulceration. Diabet Med 1986;3:335-337. 

19. Young MJ, Breddy JL, Veves A, Boulton AJM. The prediction of diabetic neuropathic foot ulceration 
using vibration perception thresholds. A prospective study. Diabetes Care 1994;17:557-560. 

20. Rith-Najarian SJ, Stolusky T, Ghodes DM. Identifying diabetic patients at high risk for lower-extrem­
ity amputation in a primary care setting. Diabetes Care 1992; 15: 1386-1389. 

21. Dyck PJ, Kratz KM, Kames JL, Litchy WJ, Klein R, Pach JM, Wilson DM, O'Brien PC, Melton LJ. 
The prevalence by staged severity of various types of diabetic neuropathy, retinopathy and nephropa­
thy in a population-based cohort. Neurology 1993;43:817-824. 

22. Uccioli L, Monticone D, Durola J, Russo F, Mormile F, Mennuni G, Menzinger G. Autonomic neu­
ropathy influences great toe blood pressure. Diabetes Care 1994; 17:284-287. 

23. Ctercteko GC, Dhanendran M, Hutton WC, Le Quesne LP. Vertical forces acting on the feet of diabetic 
patients with neuropathic ulceration. Br J Surg. 1981;68:608-614. 



300 Shawand Boulton 

24. Boulton AJM, Hardisty CA, Betts RP, Franks CI, Worth RC, Ward JD, Duekworth T. Dynamie foot 
pressure and other studies as diagnostie and management aids in diabetie neuropathy. Diabetes Care 
1983;6:26-33. 

25. Veves A, Murray HJ, Young MI, Boulton AJM. The risk of foot ulceration in diabetie patients with 
high foot pressure: a prospeetive study. Diabetologia 1992;35:660-663. 

26. Murray HJ, Young MJ, Hollis S, Boulton AJM. The association between eallus formation, high pres­
sures and neuropathy in diabetie foot ulceration Diabetic Med 1996;13:979-982. 

27. Young MJ, Cavanagh PR, Thomas G, Johnson MM, Murray H, Boulton AJM. The effeet of eallus 
removal on dynarnie plantar foot pressures in diabetie patients. Diabet Med 1992;9:55-57. 

28. Young MJ, Coffey J, Taylor PM, Boulton AJM. Weight bearing ultrasound in diabetie and rheumatoid 
arthritis patients. The Foot 1995;5:76-79. 

29. Masson EA, Hay EM, Stoekley I, Veves A, Betts RP, Boulton AJM. Abnormal foot pressures alone 
may not eause ulceration Diabet Med 1989;6:426-428. 

30. Fernando DJ, Masson EA, Veves A, Boulton AJM. Relationship of limited joint mobility to abnormal 
foot pressures and diabetie foot ulceration. Diabetes Care 1991; 14:8-11. 

31. Veves A, Samow MR, Giurini JM, Rosenblum BI, Lyons JE, Chrzan JS, Habershaw GM. Differenees 
in joint mobility and foot pressures between blaek and white diabetie patients. Diabet Med 
1995;12:585-589. 

32. Shaw JE, Boulton AJM. Pressure time integrals may be more important than peak pressures in diabetie 
foot ulceration. Diabetie Med 1996; 13 (suppl 7):S22. 

33. Landsmann AS, Meaney DF, Cargill RS, Maearak EJ, Thibault LE. High strain rate tissue deformation. 
J Am Podiatr Med Assoe 1995;85:519-527. 

34. Flynn MD, Edmonds ME, Tooke JE, Watkins PJ. Direet measurement of eapillary blood flow in the 
diabetie neuropathie foot. Diabetologia 1988;31:652-656. 

35. Rayrnan G, Hassan A, Tooke JE. Blood flow in the skin of the foot related to posture in diabetes mel­
litus. Br Med J 1986;292:87-90. 

36. Parkhouse N, Le Quesne PM. Impaired neurogenie vaseular response in patients with diabetes and neu­
ropathie foot lesions. N Engl J Med 1988;318:1306-1309. 

37. Nelson RG, Gohdes DM, Everhart JE, Hartner JA, Zwemer FL, Pettitt DJ, Knowler WC. Lower­
extremity amputations in NIDDM. 12-yr follow-up study in Pima Indians. Diabetes Care 
1988;11:8-16. 

38. Siitonen 01, Niskanen LK, Laakso M, Siitonen JT, Pyorala K. Lower-extremity amputations in dia­
betic and nondiabetie patients. A population-based study in eastern Finland. Diabetes Care 
1993;16:16-20. 

39. Selby N, Zhang D. Risk faetors for lower extremity amputations in persons with diabetes. Diabetes 
Care 1995;18:509-516. 

40. Peeoraro RE, Ahroni JH, Boyko EJ, Stensel VL. Chronology and determinants of tissue repair in dia­
betie lower extremity ulcers. Diabetes 1991;40:1305-1313. 

41. Vileikyte L, Shaw JE, Kineey J, Carrington AL, Boulton AJM. A Prospeetive study of neuropathie and 
psyehologieal faetors in foot ulceration. Diabetologia 1996;39(suppll):A3. 

42. Valway SE, Linkins RW, Gohdes DM. Epidemiology of lower-extremity amputations in the Indian 
Health Serviee, 1982-1987. Diabetes Care 1993;16:349-353. 

43. Lee JS, Lu M, Lee VS, Russell D, Bahr C, Lee ET. Lower-extremity amputation. Incidenee, risk fac­
tors, and mortality in the Oklahoma Indian Diabetes Study. Diabetes 1993;42:876-882. 

44. Gujral JS, MeNally PG, O'Malley BP, Burden AC. Ethnie differenees in the incidenee of lower 
extremity amputation seeondary to diabetes mellitus. Diabetie Med 1993;10:271-274. 

45. Clarke D, Martin K, Kaltas G, Tindall H. Ethnie variation in the diabetie foot clinic. Diabetie Med 
1992;9(suppll):35A. 

46. Most RS, Sinnoek P. The epidemiology of lower extremity amputations in diabetie individuals. Dia­
betes Care 1983;6:87-91. 

47. Walsh CH, Soler NG, Fitzgerald MG. Assoeiation of foot lesions with retinopathy in patients with 
newly diagnosed diabetes. Laneet 1975;1:878-880. 

48. Grossi EA, Esposito R, Harris U, Crooke GA, Galloway AC, Colvin SB, Culliford AT, Baumann FG, 
Yao K, Speneer FC. Sternal wound infeetions and use of internal marnmary artery grafts. J Thorae 
Cardiovase Surg 1991;102:342-346. 

49. Sapieo FL, Bessman AN. Diabetie foot infeetions. In: Frykeberg RG, ed. The High Risk Foot in Dia­
betes Mellitus. Churehill Livingstone, New York, 1991, pp. 197-211. 



Chapter 18 / The Pathogenesis ofFoot Problems 301 

50. Peeoraro RE, Chen MS. Aseorbie aeid metabolism in diabetes mellitus. Ann NY Aead Sei 
1987;498:248-258. 

51. Shaw JE, Speneer MJ, Herriek SE, Ferguson MWJ, Boulton AJM. Redueed tissue levels of TGFßl 
may contribute to poor healing in diabetie foot ulcers. Diabetologia 1996;39(suppl 1):A4. 

52. Brash PD, Foster JE, Vennart W, Daw J, Tooke JE. Magnetie resonanee imaging reveals miero-hem­
orrhages in the feet of diabetie patients with a history of ulceration. Diabetie Med 1996; 13:973-978. 

53. Cavanagh PR, Young MJ, Adams JE, Viekers KL, Boulton AJM. Radiographie abnormalities in the 
feet ofpatients with diabetie neuropathy. Diabetes Care 1994;17:201-209. 

54. Elloesser L. On the nature of neuropathie affeetions of the joints. Arm Surg 1917;66:201-217. 
55. Sanders LJ, Frykberg RG. Diabetie neuropathie osteoarthropathy: the Chareot foot. In: Frykberg RG, 

ed. The High Risk Foot in Diabetes Mellitus. Churehill Livingstone, New York, 1991, pp. 297-338. 
56. Edmonds ME, Clarke MB, Newton S, Barrett J, Watkins PJ. Inereased uptake of bone radiopharma­

eeutieal in diabetie neuropathy. Q J Med 1985;57:843-855. 
57. Young MJ, Marshall A, Adams JE, Selby PL, Boulton AJM. Osteopenia, neurologie al dysfunetion, 

and the development of Chareot neuroarthropathy. Diabetes Care 1995; 18: 34--38. 
58. Shaw JE, Adams JE, Boulton AJM. Peri-artieular abnormalities in neuropathie arthropathy. Diabet 

Med 1995;12(supp12):S43. 



19 Management of the Diabetic Foot 

John M. Giurini, DPM, 

Barry I Rosenblum, DPM, 

and Thomas E. Lyons, DPM 

CONTENTS 

INTRODUCTION 

IDENTIFICA TION OF RISK F ACTORS 

GRADE-O FOOT 

GRADE-l FOOT 

GRADE-2 FOOT 

GRADE-3 FOOT 

GRADE-4 FOOT 

GRADE-5 FOOT 

FOOT SURGERY IN THE DIABETIC PATIENT 

CHARCOT JOINT DISEASE 

FUTURE OF DIABETIC FOOT MANAGEMENT 

INTRODUCTION 

Limb salvage, when dealing with the diabetic foot, deals with the ability to avoid 
amputation. This goal is carried out through three main aspects of diabetic care: identi­
fication of the "at-risk" foot, successful treatment of the acutely involved foot, and pre­
vention of further problems. At each of these junctures patient education plays a vital 
role. A comprehensive program of diabetic foot management must include each of these 
aspects to successfuHy ac hieve limb salvage. 

The development of a limb-salvage team requires its members to be dedicated to the 
chaHenge of the diabetic patient whose fears of limb loss riyal those of blindness and 
kidney failure (1,2). Each player must know their roIe and the availability of consuItants 
in a timely manner is tantamount to success. The members of the team most commonIy 
include apodiatrist, an endocrinologist, a vascular surgeon, and a pedorthist. Other 
members may include a plastic surgeon, an infectious disease specialist, an orthopedic 
surgeon, and a teaching nurse as weH as any other heaIthcare provider interested in 
playing an active role in the care of these difficult patients. 

Several grading systems have been described in the literature to classify the varied 
stages of diabetic foot Iesions (3,4). Whereas each system claims to be more complete, 
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Fig. 1. Wasting of intrinsic musculature resulting in prominence of the metatarsal heads makes the 
Grade-O foot susceptible to u1cerations. 

the main purpose of a classification system is to provide standardized descriptions of 
the 1esion and to formulate treatment algorithms. 

IDENTIFICATION OF RISK FACTORS 

Certain clinical features have been identified that predict which patients are at risk of 
developing a foot ulceration (5). The presence of peripheral sensory neuropathy in the 
face of unperceived trauma is necessary to proceed down the causal pathway towards 
ulceration (6). Basic screening tests in clinical practice are adequate to evaluate for the 
presence of significant sensory loss. A 128-Hz tuning fork and 5.07 Semmes-Weinstein 
monofilament wire are inexpensive and can be used as screening tools to identify at-risk 
patients (7,8). Whereas a biothesiometer can provide an objective measurement of 
vibratory-perception threshold (VPT), this device is often unavailable in the office set­
ting (9). Nerve-conduction studies are rarely neeessary to evaluate neuropathy in the 
diabetic foot. 

Foot deformities related to motor neuropathy can put the foot at risk for ulceration. 
Intrinsie muscle wasting resulting from motor neuropathy will lead to clawing of the 
digits and plantar flexion deformities of the metatarsal heads, resulting in areas of high 
foeal pressures and possible irritation from footwear dorsally. This has been classieally 
referred to as the "intrinsic minus" foot. Autonomie neuropathy involving the foot most 
eommonly results in dry skin (10). Untreated this can lead to cracking and fissuring, 
creating aportal of entry for baeteria. (Fig. 1). 

Arterial insuffieieney ean lead to nonhealing of ulcerations onee they have devel­
oped. Whereas the presence of pedal pulses is probably the most important single indi­
cator of adequate perfusion to the foot, a thorough vaseular examination should include 
measurement of the venous filling time (VFT) and evaluation for dependent rubor and 
pallor on elevation. Further evaluation may involve noninvasive arterial studies in the 
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form of pulse-volume recordings and the character of the pulse on Doppler (monopha­
sic vs triphasic). Ankle-brachial indices (ABI) are of little value in the diabetic patient. 
The likelihood of healing should not be based solelyon this measurement since it is 
often falsely elevated. A nonhealing ulceration in the presence of arterial insufficiency 
warrants a prompt referral to a vascular surgeon (11 ). 

Plantar foot ulcers most commonly occur beneath metatarsal heads that have been 
identified as having high focal pressures (12-14). Callous under metatarsal heads is 
characteristic of high foot pressures that can result from plantarly prominent metatarsals 
as seen in the intrinsic minus foot and when atrophy of the plantar fat pad has occurred 
(15,16). Recently, the role of limited joint mobility has been described as a potential 
cause of high plantar foot pressures (17,18). Bone deformities such as bunions, ham­
mertoes, or rockerbottom deformities as seen in Charcot joint disease can also lead to 
focal areas of high pressure and put the foot at risk for ulceration not only on the plantar 
surface, but also on the dorsal surface where they come in contact with a shoe. Plantar 
foot pressures, in the form of verticalload, can be quantitated with computerized pres­
sure sensors (19). However, the Harris mat can provide an inexpensive screening tool 
that can show areas of high press ures. 

The Wagner c1assification is the most commonly used c1inical c1assification of dia­
betic foot ulceration. In the following parts of this chapter, the management of each 
grade of this c1assification is discussed. 

GRADE-O FOOT 

A Wagner grade-O foot is the at-risk foot without ulceration (3). The grade-O foot is 
characterized by the presence of one or more risk factors. Clinically significant sensory 
neuropathy may be detected by screening tools such as the Semmes-Weinstein 
5.07 mono filament wire or tuning fork (20). Areas of sensory neuropathy should be 
carefully mapped so as to identify at-risk areas of the foot. Other risk factors may coex­
ist, such as motor neuropathy or high foot pressures. The foot should be c10sely 
inspected for coms or calluses as they will identify potentially vulnerable areas. (Fig. 2). 

The management of grade-O lesions is primarily accomplished through a program of 
education and prevention. Patients should be educated as to the risks associated with the 
neuropathic foot and the early signs of inflammation, irritation, and infection. They 
should also be educated as to the early treatment of these conditions. Early treatment 
involves identifying the cause for these conditions. 

Prevention is the hallmark of management of these feet and should inc1ude daily 
inspection of feet by the patient or a family member. Footwear modification should be 
discussed with the patient when necessary to accommodate bony deformities. High 
plantar foot pressures can be accommodated with orthoses and padded hosiery (21,22). 

An additional technique used to modify pressure points is the habit of changing one' s 
shoes every 4 hours. This has several advantages in preventing ulcerations. Since each 
shoe has a slightly different pressure point, rotating shoes also rotates pressure points. 
This prevents the accumulation of pressure over any one area of the foot for extended 
periods of time. Additionally the outer soles and leather uppers of shoes fatigue with 
time: The longer one wears a shoe, the less shock absorption and support the shoe will 
provide. Changing shoes regularly also affords the patient the opportunity to inspect the 
feet frequently, allowing for the detection of lesions before they become significant 
problems. This is a recommendation that applies regardless of the grade foot. 
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Fig. 2. A grade-O foot with callous fonnation is indicative of high foot pressures, which requires 
treatment and accommodation with orthotic devices. 

Regular visits to the foot specialist should be part of the patient's routine. The foot 
should be inspected at every visit. Pulses should be palpated and any lesion should be 
noted. Any callous should be debrided as these alone can lead to high foot pressures 
(23). The patient should be instructed on the proper care of the nails and skin. Moistur­
izing creams should be prescribed for dry, scaly skin so as to avoid fissures. The inter­
digital spaces should also be inspected for fissures or evidence of tinea pedis. 

GRADE-l FOOT 

A grade-l ulceration is one that has penetrated beyond the epidermis (3). These 
ulcerations are indicative of two or more risk factors: peripheral sensory neuropathy and 
at least one other risk factor. Ulcerations should be evaluated for size, depth, and loca­
tion. Careful attention should be given to the structures involved as wen as to the pres­
ence of infection. The presence of and type of drainage should be noted. Cultures are of 
limited usefulness at this stage as the ulceration will most assuredly be colonized with 
multiple organisms representing primarily skin flora (24). Typically grade-l ulcerations 
have not progressed beyond the dermis. The underlying cause should be identified. 

Treatment centers around eliminating an pressure from the site of ulcerations (5). 
The "gold" standard for eliminating pressure is total nonweightbearing, either with 
crutches or a walker. However, most patients are unlikely to comply with this regimen 
entirely. Therefore, several compromise methods for off-Ioading the foot have been 
devised. Total contact casting and Scotch boot cast have been described as ways of off­
loading the foot and reducing pressures (25-28). The felted-foam dressing is the pre­
ferred way of off-loading ulcerations in our institution. 

The felted-foam dressing is comprised of a 1/4-inch foam pad with a thin layer offelt 
laminated onto it. An aperture is fashioned to accommodate the ulceration and through 
which dressing changes can be performed on a regular basis. This pad is applied to the 
foot with a self-adhering gauze wrap known as Gauze-Tek. (Fig. 3). 
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Fig. 3. The felted-foam dressing is an effective modality to off-load a grade-l ulceration. 

The u1cer should be debrided to remove any hyperkeratotic tissue surrounding the 
u1cer and any nonviable, necrotic tissue at the base of the u1ceration (11). (Fig. 4). The 
u1ceration is dressed daily to provide a moist environment conducive to wound healing. 
Harsh, undiluted chemicals should be avoided as they can be toxic to granulation tissue 
(29,30). Topical antibiotics have limited usefulness in this setting. If an infection is sus­
pected, this is best treated with systemic antibiotics. Oral antibiotics are only recom­
mended when clinical signs of infection are present (i.e., erythema, purulent drainage). 
Overuse of oral antibiotics may lead to superinfection or development of resistant 
strains. Exceptions to this rule include patients with severe peripheral vascular disease 
in whom development of infection may be limb-threatening or patients on immunosup­
pressive medications as seen in renal transplant patients. 

Repeated u1cerations may warrant consideration of surgical correction of any underly­
ing structural deformity. Metatarsal osteotomies, digital arthroplasties, and metatarsal 
head resections have all proven useful in the prevention of recurrent u1cerations (31-36). 

GRADE-2 FOOT 

Continued weightbearing on grade-l Iesions will lead to deepening u1cerations (3). 
These will go beyond the dermis and can involve deeper structures such as tendons or 
joint capsule (grade 2) (3). Management of these u1cerations is dependent on accurate 
assessment of u1cer depth. 

The u1cer base should be gently probed with a stainless-steel blunt probe to deter­
mine undermining of the u1ceration, presence of any penetrating sinus tract, and 
involvement of deeper structures. This simple technique has an 80% specificity for 
diagnosing osteomyelitis, avoiding the need for invasive, more expensive diagnostic 
tests (e.g., bone scans, MRI) (37). The involvement of any of these structures should 
alert the clinician to the possible need for hospitalization, compIete bed rest, and broad­
spectrum IV antibiotics (38). 
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Fig. 4. The grade-l foot is characterized by superficial tissue breakdown involving the epidermis and 
no deeper structures. Abnormal foot architecture as occurs in Charcot joint disease is a risk for foot 
ulceration. 

Once hospitalized, the foot should be drained dependently and packed open. This can 
often be perfonned at the bedside in severely neuropathie patients. However, if the 
infection is expected to be extensive, the patient should be brought to the operating 
room where a thorough debridement can be perfonned (38). Any sinus tract should be 
explored and drained and all nonviable, necrotic tissue should be debrided, including 
tendon and/or bone. (Fig. 5). Deep cultures should be taken and iv antibiotics adjusted 
to cover the offending organism, realizing that the infection may be polymicrobial in 
nature (39). 

Clinicians are often fearful of aggressively debriding a foot with underlying 
ischemia. Adequate debridement of the infected foot should not be delayed nor compro­
mised over this concern, for delaying surgery may lead to further tissue loss and poten­
tiallimb loss (40). Once infection is controlled, an arteriogram and lower extremity 
revascularization should be pursued in the ischemic patient (41). 

Radiographs should be taken in all full-thickness ulcerations to evaluate for 
osteomyelitis (42,43). The use of bone scans, labeled WBC scans, MRIs, and bone 
biopsies are often recommended for diagnosing osteomyelitis (44--46). However, false 
positive and false negatives occur with any of these modalities. Our experience has 
shown the ability to probe bone with a blunt, sterile probe to be reliab1e and cost-effec­
tive in diagnosing osteomyelitis. Dressing changes and packing on a regular basis with 
bedside debridements as necessary should be perfonned (38). 

Following adequate control of infection and early signs of healing, thought can be 
given to definitive treatment of the ulceration and underlying bone defonnity. Delayed 
primary closure of the wound will allow for primary wound healing and allow for ear­
lier ambulation. Some clinicians prefer to wait for secondary wound healing to take 
place, which is perfectly appropriate. This, however, results in prolonged periods of 
nonweightbearing. It is our tendency to close wounds primarily whenever possible. 
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Fig. 5. Adequate debridement of u1ceration requires removal of all exuberant callous tissue and 
necrotic tissue, revealing a clean granular base. 

Fig. 6. A rigidly contracted digit can be irritated by the toebox of a shoe, creating a grade-2 
u1ceration. 

Not all grade-2 u1cerations require hospitalization (11). (Fig. 6). Although rare, 
u1cerations over exposed tendon and capsule have the ability to granulate. Outpatient 
treatment of these lesions must follow the same principles of treating grade-l u1cera­
tions, namely strict adherence to nonweightbearing. The same strategies to off-load 
grade-l u1cerations (i.e., felted-foam dressings, total contact cast, and so on) should be 
applied to grade-2 u1cerations. Because there tends to be more drainage with these 
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u1cerations, dressings should be performed more regularly, often twice a day. It is often 
prudent to have these performed by a healthcare professional who is trained in recogni­
tion of early signs of infection, such as a visiting nurse. Oral antibiotics, although not 
often necessary in grade-l u1cerations, are more commonly prescribed in grade-2 ulcer­
ations because of the depth of the ulcerations, the vital structures involved, and the pres­
ence of drainage, creating an ideal environment for bacterial growth. Initially, broad 
spectrum antibiotics with good Staphylococcus coverage (e.g., 1st generation 
cephalosporins) should be prescribed (47,48). Changes in antibiotics should be based on 
the results of deep-wound cultures and sensitivity as well as the clinical response of the 
wound. 

The care of the foot following healing is just as important as the care provided to rid 
the foot of infection. Patients must be followed regularly to assure that an appropriate 
orthotic device is prescribed. In cases in which metatarsal heads have been resected, 
either single or multiple, additional press ure can be expected to be transferred to adja­
cent metatarsal heads (49). Consequently, these should be protected with an orthotic 
device. Footwear modification is often required as weIl. Conventionaljogging shoes fit­
ted with an orthotic device may often be appropriate. In some cases an extra-depth shoe 
with a deep toebox may be required. The patient should be educated on the care of the 
foot and the need for daily inspections. Tbe need for regular visits with a foot specialist 
for continued monitoring should be impressed upon the patient. 

GRADE-3 FOOT 

Deep infection and bone involvement are characteristic of grade-3 u1cerations. These 
may result from unresponsive grade-2 ulcerations, aggressive bacterial infections or, 
not uncommonly, puncture wounds resulting in direct inoculation of bone. Because of 
the depth of these ulcerations and the presence of bone infection, hospitalization and 
surgical intervention are often required. (Fig. 7). 

As with deep infections of grade-2 u1cerations, adequate drainage of infection is key 
in managing grade-3lesions (38). Once again, any sinus tract must be explored and any 
undrained abscess or devitalized tissue must be debrided. In cases of severe infection, 
open ray amputations may be necessary to control spread of infection. 

Following clearing of infection and the appearance of healthy granulation tissue, 
thought can be given to surgical reconstruction of the wound and foot. Tbis may 
involve simple delayed primary closure or more complicated reconstructive surgery, 
including additional bone resections, tissue flaps, or skin grafts (50). No one technique 
can be applied to all wounds. A flexible approach to wound closure will maximize limb 
salvage. These lesions will make maximum use of all members of the diabetic foot 
team (41,51). 

The long-term management of the grade-3 foot emphasizes prevention of transfer 
ulcerations. Because ablative surgery is common in the grade-3 foot, transfer of 
pressure to adjacent areas of the foot is expected. Prevention of chronically recurrent 
u1cerations requires the use of appropriate orthoses, prescription footwear, and regular 
podiatry visits. At each visit, orthoses and shoegear should be inspected for signs of 
early wear and breakdown. These should be replaced immediately when found to be 
wom down. Tbe goal of long-term care is to distribute plantar foot pressures more 
evenly along the entire plantar aspect of the foot, thus avoiding concentration of pres­
sure over any one focal area. 
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Fig. 7. Grade-3 ulcerations are typically characterized by alesion underlying a metatarsal head 
involving deep structures such as tendon, joint, capsule, or bone. 

GRADE-4 FOOT 

Grade-4 lesions are partieularly ehallenging problems to manage. These patients will 
often present with a variety of underlying risk faetors making overall management dif­
fieult. Peripheral vaseular disease, osteomyelitis, sepsis, and extensive tissue loss neees­
sitates the eooperation of all members of the limb-salvage team. Consultations with 
vaseular surgeons, podiatrists, plastic surgeons, and orthopedic surgeons are often 
required. The primary goal in the management of these lesions is to limit tissue loss. 
Minor trauma in the face of severe arterial insufficiency can result in gangrenous 
changes ofthe skin (6). (Fig. 8). This most eommonly oecurs at the distal end of extrem­
ities, since this is where end-arteries are typically found. Lack of adequate perfusion 
and oxygenation will initially cause focal necrasis that may praceed to cause increasing 
amounts of tissue loss. These changes are most commonly referred to as dry gangrene. 

Overwhelming infection mayaiso result in gangrenous changes either fram marked 
edema of loeal tissue or from infective vaseulitis, both of which result in occlusion of 
digital arterial branches (52). Infective vaseulitis will typically lead to wet gangrene. 

Initial therapy of these lesions is dependent on identifying the underlying cause. Gan­
grene resulting fram arterial insuffieiency should be treated with immediate vascular 
assessment and lower extremity revascularization where possible to minimize tissue 
loss (40,53). 
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Fig. 8. A sock stuffed into the end of a shoe resulted in minor trauma and focal gangrenous changes. 

Diabetie vaseular disease is eharaeterized by oec1usive disease below the popliteal 
artery, most eommonly affeeting the anterior and posterior tibial arteries and sparing the 
foot vessels (Le., dorsalis pedis) (54,55). This has made distal bypasses possible and 
effeetive. This argues against the eoneept of "small vessel disease" initially proposed in 
the late 1950s (56). It is now feit that diabetie patients do not suffer from oec1usive dis­
ease of the digital arteries any more frequently than nondiabetic patients and the eon­
eept of "small vessel disease" as a major eause of nonhealing ulcerations in diabetie 
patients should be put to rest (57). 

Arteriography that visualizes the foot vessels should be performed to aeeurately 
assess the level of revaseularization. The eurrent standard of eare dietates the use of dig­
ital subtraetion angiography (DSA) for adequate vaseular evaluation before bypass 
(41). Following revaseularization, amputation should be performed at the most distal 
level that will support healing. Efforts should be made to preserve as much of the 
weightbearing surfaee of the foot as possible. This will allow for more effieient ambu­
lation, better distribution of plantar pressures, and easier shoeing of the foot. 

Gangrene resulting from extensive infeetion will often neeessitate immediate incision 
and drainage, even open amputation. This eondition must be readily reeognized and 
treated in an emergent manner as any delay may lead to systemic toxieity. Onee the infee­
tion has been adequately eontrolled, attempts should be made to onee again salvage as 
mueh of the foot as possible. Oxygen eonsumption inereases dramatieally with more 
proximal amputations, inereasing work and energy expenditure during ambulation. 
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GRADE-5 FOOT 

Extensive necrosis of the foot is caused by arterial occlusion and failure of arterial 
inflow. Primary amputation is the treatment for extensive gangrene. However, these 
patients should undergo vascular assessment and revaseularization when possible to 
reduce tissue loss and to perform the amputation at the distal most level that will sup­
port healing. 

Care ofthe Amputated Foot 
The partially amputated foot is particularly vulnerable to further foot problems (58). 

Loss of the weightbearing surface results in the same forces being distributed over a 
smaller area, thereby inereasing focal pressures. Additionally in eertain types of ampu­
tations, muscle imbalances and contractures may develop (59). This ean also lead to 
abnormal gait and increased focal pressures. These feet must be adequately protected 
in orthotic devices and very often therapeutic shoes. Regular inspection and examina­
tion by a foot speeialist is important in order to detect early signs of breakdown. Any 
calluses should be trimmed. Likewise, orthoses and shoes must be evaluated regularly 
for inereased wear and loss of support. When this oeeurs they should be replaeed 
immediately. 

FOOT SURGERY IN THE DIABETIC PATIENT 

As litde as 10 years ago, most diabetic patients were advised to avoid foot surgery at 
all cost. Misconeeptions and misinformation about healing or small vessel disease pre­
vented many diabetic patients from undergoing potentially limb-sparing loeal foot pro­
cedures. Today, the pendulum has swung towards a more aggressive approach to the 
care of the diabetie foot and earlier surgical intervention to avoid amputations 
(31-36,41,60). 

Local surgical intervention may be appropriate to correet underlying bone deformi­
ties such as hammertoes or plantarflexed metatarsals that pose risks for ulceration. 
Arthroplasties and metatarsal osteotomies have been shown to be effective proeedures 
to heal ulcerations and to reduee the risk offuture ulceration (32,57,60). Loeal surgieal 
procedures such as metatarsal head reseetions ean be performed to resect loealized 
osteomyelitie bone (61,62). Multiple metatarsal head resections can be performed as an 
alternative to distal amputation and still leave a functional foot eapable of efficient 
ambulation (33,34). Furthermore, maintaining as mueh of the plantar weightbearing 
surface allows for better weight distribution. 

In recent years, there has been inereasing diseussion on the role of prophylaetie 
surgery on the diabetie patient. Some groups define prophylactie surgery as surgery per­
formed to correet an underlying deformity even in the absence of a history of ulceration 
(31,60). Other groups subseribe to a narrower definition of prophylactic surgery: 
surgery performed on those deformities having shown a his tory of ulceration to prevent 
further ulceration and possible amputation (35). 

When surgery is being considered, proper patient selection and preoperative evalua­
tion is tantamount to success. A thorough history and physieal examination should be 
performed with special emphasis on the eardiac and vascular examination. Whenever 
possible, surgery should be performed under loeal anesthesia with mild sedation to min­
imize stress on the heart. Many of these surgieal procedures are amenable to this type of 
anesthesia because of sensory neuropathy (63). 
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CHARCOT JOINT DISEASE 

Unexplained, nonpainful swelling and erythema of the foot without aportal of entry 
should be considered Charcot joint disease until proven otherwise. Patients may 
describe a precedent history of relatively minor trauma. However, the trauma may be 
so insignificant that the patient has difficulty recalling. Profound sensory neuropathy 
will ren der this process relatively painless. Some patients will experience varying 
degrees of pain. However it is not in proportion with the degree of bone destruction 
seen on X-rays (64). 

Initial evaluation of the Charcot joint requires X-rays. Plain films will often be all 
that is necessary since the bone destruction is quite obvious. The most common location 
is Lisfranc' s joint (tarsometatarsal articulations) (65). Osseous debris and fragmentation 
with subluxations of joints are common findings. The degree of fragmentation is vari­
able and is most often related to the particular joints involved and continued ambulation 
on the fractures. CT scans and MRIs are rarely necessary to make the diagnosis of Char­
cot joint. CT sc ans may be useful for preoperative planning if surgical correction of the 
deformity is being contemplated. 

Charcot joint disease is characterized by three clinical phases: acute, coalescence, 
and reconstruction or remodeling. The acute phase is characterized by edema, localized 
warmth, erythema, and joint crepitus with range of motion examination. Once appropri­
ate treatment is instituted, edema and erythema reduce rapidly. As Charcot joint pro­
gresses to the next phase of coalescence, skin temperature begins to equilibrate and joint 
crepitus diminishes. The reconstructive or remodeling phase occurs over aperiod of 
months and years. During this phase, the joints further stabilize and remodel, eventually 
leading to a stable foot devoid of significant motion. Unfortunately, the foot can be 
severely deformed with obvious bony prominences susceptible to ulceration (64). 

The treatment of choice for acute Charcot joint disease is total nonweightbearing. 
This is achieved by the use of crutches, a walker, or, in the event of bilateral involve­
ment, a wheelchair. A walking cast in acute Charcot joint disease is not appropriate 
treatment. Noncompliance with nonweightbearing in the early stages of this disease will 
result in further fragmentation of bone, resulting in eventual greater deformity. Casts, 
splints, or braces may be used for immobilization and to provide stability to the 
involved joints, but not for weightbearing initially. Our personal preference is use of a 
removable bivalved cast brace that will allow for regular inspection of the insensate 
skin (66). There has been much discussion over the use of electrical bone stimulation to 
enhance healing of these problematic fractures. Isolated reports would appear to favor 
the use of these devices in Charcot joint disease (67). However, there is a need for a 
well-designed clinical study to document effectiveness. 

Serial X-rays are used in addition to the clinical exam to determine when weight­
bearing can be instituted. No weightbearing is allowed as long as crepitus and elevated 
skin temperature persists. These are clinical signs of an active Charcot joint, and ambu­
lation at this stage will exacerbate the disease. Once it is deemed safe to begin weight­
bearing, this should be done gradually. Typically, weightbearing is begun at 15-20. 
pounds of weight and is increased in lO-lb increments weekly as long as there are no 
signs of reactivation (i.e., edema, erythema, warmth). Any signs of reactivation should 
be followed by areturn to nonweightbearing until resolution of symptoms. Initial 
weightbearing occurs with the brace or cast in place. As weightbearing progresses, the 
patient is eventually allowed to ambulate short distances without assistive devices. 
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Whenever possible, conventional footwear is preferred over custom-molded shoes. 
All shoes should be fitted with a well-molded plastizote orthotic device that will provide 
support and cushioning to the foot. If severe foot deformity develops, there may be no 
alternative to a custom-molded shoe that matches the shape ofthe foot (68). 

In recent years, great attention has been given to the surgical reconstruction of the 
foot deformed by Charcot joint disease (69-71). Severe deformity and instability can 
result from destruction of the midtarsal, subtalar, or ankle joints. This can lead to a high 
likelihood for u1ceration or difficulty with ambulation. Arthrodesis of the involved 
joints is attempted to provide a stable platform for ambulation that is resistant to further 
u1cerations. Patients undergoing joint fusions must be prepared for an extended period 
of immobilization and nonweightbearing, often as long as 6 months. Strict adherence to 
the principles of internal fixation is required if an acceptable degree of success is 
expected. 

FUTURE OF DIABETIC FOOT MANAGEMENT 

The last 5 years have resulted in tremendous activity in diabetic foot care. Wound­
care centers have been established nationwide to deal with the growing problem of dia­
betic feet (72,73). More than $200 million in direct hospital costs were spent in 1980 for 
treatment of diabetic foot complications and amputations (74). Recent cost estimates are 
not available in the United States. These numbers are expected to grow as our popula­
tion ages and the incidence of diabetes increases. 

Much research has been done in the area of wound healing, having identified several 
factors important in wound healing (75,76). This research continues today as new topi­
cal wound-care agents are being introduced daily. Platelet-derived growth factor using 
recombinant technology in a gel form is the latest product from the research lab heing 
prepared for clinical use (77). Clinical trials have shown favorable results. This product 
has recently received FDA approval. 

Studies exploring treatment and possible prevention of sensory neuropathy continue. 
Earlier studies of aldose reductase inhibitors had to be terminated prematurely because of 
unexpected side effects of the study medications. However, early results showed these 
agents to hold some promise in the treatment of neuropathy. These studies continue today 
with modification of these agents. Aldose reductase inhibitors and gamma-linoleic acid, 
as previously discussed, are few of the modalities already under trial (78-80). 

Painful neuropathy (diabetic neuritis) remains a difficult problem to treat. To date 
there is no one agent universally effective against this complication. Treatment often 
involves a combination of analgesic agent and tricyclic antidepressant (81). Newer 
agents are currently being tried. It is too early to comment on their effectiveness. 

Further investigation into the underlying cause of Charcot joint disease is needed. 
Future trials of medications to modulate the Charcot process or medications to 
strengthen bone may be of clinical benefit (82). Once Charcot joint develops, the use of 
electrical bone stimulation to achieve more rapid consolidation noninvasively warrants 
further research (67). 
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INTRODUCTION 

Diabetes mellitus is found in as many as 13 million people nationally, or 5.2% of the 
United States population, and more than 650,000 new cases are diagnosed annually (1 ). 
Many of the c1inical complications of diabetes may be ascribed to alterations in vascu­
lar structure and function, with subsequent end-organ damage and death. Specifically, 
two types of vascular disease are seen in patients with diabetes: a nonocc1usive micro­
circulatory impairment involving the capillaries and arterioies of the kidneys, retina, 
and peripheral nerves, and a macroangiopathy characterized by atherosc1erotic lesions 
of the coronary and peripheral arterial circulation (2-5). The former is relatively unique 
to diabetes, whereas the latter lesions are morphologically similar in both nondiabetic 
and diabetic patients. 

Clinical data linking diabetes to micro- and macrovascular disease are derived from 
several large epidemiological studies. The Framingham Study of over 5000 subjects 
demonstrated that diabetes is a powerful risk factor for atherosc1erotic coronary and 
peripheral arterial disease, independent of other atherogenic risk factors, with a relative 
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risk averaging twofold in men and threefold for women (3). Retinopathy is the most 
characteristic complication of diabetes (4), and population-based studies have identified 
a correlation between its development and the duration of diabetes (5). Similar correla­
tions have been found with nephropathy, neuropathy, and diabetes (6), with perhaps the 
strongest evidence coming from the Diabetes Control and Complications Trial (DCCT), 
which showed a delay in the development and progression of these microvascular com­
plications with intensive glycemic control (7). These and other clinical trials have 
provided the rationale for experimental studies investigating the fundamental patho­
physiology of miero- and macrovascular disease in diabetes mellitus. 

MICROVASCULAR DISEASE: OVERVIEW AND ANATOMIC CHANGES 

Microvascular dysfunction in diabetes is manifested by an increased vascular perme­
ability and impaired autoregulation of blood flow and vascular tone. These changes cul­
minate into renal failure (nephropathy), loss of vision (retinopathy), neuropathy, and 
most likely contribute to the cardiovascular complications of diabetes. Although multi­
ple theories have been postulated as to the etiology of accelerated microangiopathy, it is 
likely that several biochemieal derangements exist in the presence of hyperglycemia 
and diabetes, and that these mechanisms work synergistically to cause microvascular 
dysfunction. These metabolic alterations produce functional and structural changes at 
multiple areas within the arteriolar and capillary level, including the basement mem­
brane (4), smooth-muscle cell (8), and, in partieular, the endothelial cell (9). 

One of the greatest impediments in understanding vascular disease in patients with 
diabetes is the misconception that they have an untreatable occlusive lesion in the 
microcirculation (3). This idea originated from a retrospective histologie study demon­
strating the presence of PAS-positive material occluding the arterioles in amputated­
limb specimens from diabetic patients (10). However, subsequent prospective staining 
and arterial casting studies (11,12) as weH as physiological studies (13) have demon­
strated the absence of an arteriolar occlusive lesion. 

Whereas there is no oCclusive lesion in the diabetie mierocirculation, other structural 
changes do exist, most notably thiekening of the capillary basement membrane thicken­
ing. This alteration in extracellular matrix may represent a response to the metabolic 
changes related to diabetes and hyperglycemia. However, the basement membrane 
thickening does not lead to narrowing of the capillary lumen, and arteriolar blood flow 
may be normal or even increased despite these changes (14). Capillary basement mem­
brane thickening is the dominant structural change in both diabetic retinopathy and neu­
ropathy. In the kidney, nonenzymatic glycosylation reduces the charge on the basement 
membrane, which may account for transudation of albumin, an expanded mesangium, 
and albuminuria (15). Similar increases in vascular permeability occur in the eye and 
probably contribute to macular exudate formation and retinopathy. 

In the diabetic foot, basement membrane thickening may theoretically impair the 
migration of leukocytes and the hyperemic response following injury, thereby increas­
ing the susceptibility of the diabetic foot to infection (16,17). Although resting total skin 
mierocirculatory flow is similar in both diabetic and nondiabetic patients, the capillary 
blood flow is reduced in diabetes, indicating a maldistribution and functional ischemia 
of the skin (18). All of these changes result in an inability to vasodilate and achieve 
maximal blood flow following injury. 

Diabetes also affects the function of the nerve axon reflex. Normally, nociceptive C 
fiber stimulation (by injury) results in both orthodromic conduction to the spinal cord 
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Fig. 1. Stimulation of the nociceptive C fiber leads to vasodilation via release of substance P, calci­
tonin gene-related peptide (CGRP), and histamine. It appears that release of these substances is mod­
ulated by acetylcholine. 

and antidromic conduction to other axon branches, that is, the axon reflex (Fig. 1). One 
function of this reflex is the secretion of several active peptides, such as substance P and 
calcitonin gene related peptide, which cause vasodilation and increased permeability 
both directly and indirectly (through mast cell release of histamine). This neurogenic 
vasodilatory response is impaired in diabetes, further reducing the hyperemic response 
when it is most needed, that is under conditions of injury and inflammation (19). 

PATHOPHYSIOLOGY OF MICROVASCULAR 
DISEASE AND ENDOTHELIAL DYSFUNCTION IN DIABETES 

The normal endothelium plays an important role in blood-vessel wall function and 
homeostasis by synthesizing and releasing substances, such as prostacyclin, endothelin, 
prostaglandins, and nitric oxide, which modulate vasomotor tone and prevent thrombo­
sis (20). There is substantial evidence that endothelial function is abnormal in animal 
models of diabetes mellitus (21-23) and in patients with both insulin-dependent and 
non-insulin-dependent diabetes mellitus (24,25) thus direct1y implicating either hyper­
glycemia or hyperinsulinemia as a possible mediator of abnormal endothelium-depen­
dent responses. A variety of mechanisms responsible for vascular dysfunction have 
been proposed, principally abnormalities in the nitric-oxide pathway, abnormal produc­
tion of vasoconstrictor prostanoids, intracellular signaling, reduction in Na+ -K+ 
ATPase activity, and advanced glycosylated end products (12,26-28). 

In 1980, Furchgott and Zawadzki discovered that arterial vasodilation was dependent 
on an intact endothelium and its release of a substance they called endothelium-derived 
relaxing factor (EDRF), which causes arterial smooth muscle cell relaxation in response 
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to acetylcholine and other vasodilators (27). Later identified as endothelial-derived 
nitric oxide (EDNO), it activates vascular smooth-musc1e guanylate cyc1ase, elevates 
cGMP levels, and may increase Na+ -K+ ATPase activity (28). A variety of substances 
other than acetylcholine may cause EDNO-mediated vasodilation. Several in vivo stud­
ies using L-NMMA, an arginine analog and competitive inhibitor of EDNO synthesis, 
have demonstrated that the vasodilatory effects of insulin are nitric oxide dependent 
(29,30) and that insulin mediates EDNO-dependent vasodilation by modulating the syn­
thesis and release of EDNO. Impaired endothelial-dependent vasodilatation in certain 
insulin-resistant states may be instrumental in the pathogenesis of atherosc1erosis and 
hypertension and is postulated to be due to diminished insulin-mediated EDNO produc­
tion and release (31). 

Studies by Creager et al. in patients with insulin-dependent and non-insulin-depen­
dent diabetes have demonstrated impaired endothelium-dependent responses to acetyl­
choline in both groups, but an intact response to exogenous nitric oxide donors (i.e., 
sodium nitroprusside) in insulin-dependent diabetes only (24,25). It thus appears that 
abnormal nitric oxide release and/or synthesis predominates in insulin-dependent dia­
betes, whereas non-insulin-dependent diabetes may be characterized by either a dimin­
ished response of smooth musc1e to EDNO or increased inactivation of nitric oxide. 

Although there is considerable controversy regarding the role of free radicals in dia­
betic vascular disease (32), an increased production of oxygen-derived free radicals has 
been described in diabetes and may contribute to endothelial dysfunction (33). In ani­
mal models, endothelium-derived free radicals impair EDNO-mediated vasodilatation, 
and administration of superoxide dismutase and other free-radical scavengers normal­
izes EDNO-dependent relaxation in diabetic arteries (34). 

Advanced glycosylation end products (AGEs) have also been implicated in the path­
ogenesis of diabetic microvascular complications (26). These are formed from a revers­
ible reaction between glucose and protein to form Schiff bases that then rearrange to 
form stable Amadori-type early glycosylation products. Some of these reversible early 
glycosylation products may undergo complex rearrangements to form irreversible 
AGEs. In experimental diabetes, AGEs impair the actions of EDNO and cause an 
impaired endothelium-dependent response, which is reversed by administration of 
an AGE inhibitor (35). AGEs also displace disulfide crosslinkages in collagen and sc1e­
ral proteins, accounting for the diminished charge in the capillary basement membrane. 
Moreover, the presence of AGE receptors on both endothelial cells and monocytes, 
along with AGE deposition in the subendothelium, suggests monocyte deposition into 
the subendothelial space and secondary complications (36). Makita et al. , using a 
radioreceptor assay for AGEs in serum and arterial wall, have demonstrated higher 
AGE levels in patients with diabetes compared to nondiabetic controls, with the highest 
levels occurring among diabetic patients with nephropathy (37). Since at least part of 
AGE-induced cellular dysfunction is caused by an oxidant-sensitive mechanism, which 
is inhibited by antioxidants (38), it is likely that both oxygen-derived free radicals and 
AGEs each contribute to cause impaired EDNO-dependent vasodilation in diabetes. 

Experimental studies in diabetic animals have also indicated that abnormal endothe­
lial production of vasoconstrictor prostanoids, notably thromboxane (TX) A2 and 
prostaglandin (PG) H2, may be a cause of endothelial cell dysfunction. Increased levels 
of TX A2 have been isolated only from segments of diabetic aortic tissue with an intact 
endothelium, suggesting that the endothelium is responsible for the increased release, 
and impaired relaxation to acetylcholine in these segments is restored by treatment with 
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cyclooxygenase inhibitors (12,29). In humans however, the role of vasoconstrictor 
prostanoids is less clear. Flow-dependent vasodilation in healthy subjects, which may 
be used as an index of endothelial function, is abolished by L-NMMA but unaffected by 
aspirin, thus demonstrating that it is entirely mediated by EDNO and independent of 
vasoactive prostanoids (39). Moreover, the attenuated endothelium-dependent vasodila­
tion following acetylcholine administration which is seen in diabetic patients is not 
affected by pretreatment with cyclooxygenase inhibitors (27,28). 

It, therefore, appears that dysfunction of the microcirculation strongly contributes to 
the renal, eye, and macrovascular complications of diabetes. Severallines of evidence 
have indicated that the microcirculation is also implicated in the pathogenesis of dia­
betic neuropathy, and in fact, the etiology of diabetic neuropathy is a complex interplay 
between metabolic and microvascular defects. This may provide further insight into the 
metabolic basis of microvascular and endothelial dysfunction in diabetes. 

In addition to the mechanisms described above, attention has centered toward the 
role of the polyol pathway in diabetic neuropathy. Hyperglycemia induces an increase 
in the polyol pathway by which glucose is metabolized to sorbitol via aldose reductase. 
Increased aldose reductase activity impairs myo-inositol uptake that leads to decreased 
Na + -K + A TPase activity and loss of electrical conduction in neural tissue (40). This 
biochemical background serves as the basis for clinical trials using aldose reductase 
inhibitors and high myo-inositol diets in diabetic neuropathy, the results of which are 
still inconclusive (41 ). 

Several lines of evidence point toward a relationship between aldose reductase, 
Na+ -K+ ATPase activity, and nitric oxide in the pathogenesis of diabetic neuropathy. 
First, Na+ -K+ ATPase activity in normal arteries is dependent on an intact endothe­
lium, suggesting a stimulatory action by EDNO (26). Second, hyperglycemia causes 
decreased Na + -K + A TPase activity in normal rabbit aorta, an effect which is pre­
ventable by administering aldose reductase inhibitors or by raising plasma myo-inositol 
levels (30). Third, administration ofL-NMMA, an EDNO inhibitor, decreases Na+ -K+ 
ATPase activity in aortic wall (24). In addition, L-NMMA administration reverses the 
protective effects of aldose reductase inhibitor treatment on nerve conduction velocity 
(43). It therefore seems likely that microvascular endothelial dysfunction plays a signif­
icant role in the pathogenesis of diabetic neuropathy, and that at least part of this is sec­
ondary to the metabolic derangements of diabetes. 

Recent clinical studies from our laboratory have helped further define the relation­
ship between the microcirculation, diabetes, and neuropathy (44). In order to determine 
the effect of neuropathy and hypoxia on the foot microcirculation, we studied five 
groups of patients: diabetic neuropathic patients (DN), patients with diabetes and Char­
cot osteoarthropathy (DA), diabetic patients with neuropathy and clinically evident 
lower-extremity peripheral vascular disease (DV), diabetic patients without complica­
tions (DC), and healthy controls (C). The microcirculation was studied in vivo by 
employing laser Doppler imaging to measure the vasodilatory response to iontophoresis 
(a noninvasive method of introducing soluble ions into skin) of acetylcholine (endothe­
lium-dependent) and sodium nitroprusside (an exogenous nitric oxide donor, endothe­
lium-independent). Both the direct and indirect (which depends on a normal axon 
reflex) vasodilatory response were measured. The direct response to acetylcholine, 
which stimulates the production of nitric oxide, was similarly reduced in DN, DV, and 
DA compared to DC and C (p < 0.001), whereas the direct response to nitroprusside 
was lowest in DV. The indirect vasodilation during acetylcholine iontophoresis was 
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also reduced in DN, DV, and DA but not in DC and C (p < 0.0001). These data suggest 
that the endothelium-dependent vasodilation and the axon reflex are impaired in the 
presence of diabetes and neuropathy, but the endothelium-independent response is 
spared, and that this dysfunction may be attributed to an impaired production of nitric 
oxide. In addition, it appears that the nerve axon reflex is reduced in diabetie neuro­
pathie patients with and without vascular disease, while it is intact in diabetie patients 
without neuropathy. 

Because of these findings, we also studied the expression of endogenous endothelial 
nitric oxide synthetase (eNOS) endothelial nitric oxide synthetase (eNOS) activity in 
the skin taken from the foot ofpatients in DN, DV, and C (45). Full-thickness skin biop­
sies from the dorsum of the foot were obtained and immunostained with antiserum to 
human eNOS, glucose transporter I (GLUT I), and von Willebrand factor, which is an 
anatomie al marker of the endothelium. No differences were found among the three 
groups in the staining intensity of von Willebrand factor and GLUT I. In contrast, the 
staining intensity of eNOS was reduced in both diabetic groups compared to controls. 
Therefore, it appears that in diabetic neuropathic patients, with or without lower­
extremity ischemia, the eNOS activity is reduced, despite the fact that the endothelium 
is anatomically present, and that endothelial functional changes may be related to the 
development of neuropathy. 

MACROVASCULAR DISEASE AND DIABETES: AN OVERVIEW 
There is abundant evidence from severallarge clinical studies that shows that diabetes 

is a strong predisposing factor for atherosclerotic macrovascular disease, and that this 
risk is independent of other accompanying atherogenie factors. Thirty year follow-up 
from the Framingham study confirmed a higher incidence of coronary heart disease and 
cardiovascular mortality among diabetic subjects, even when multivariate logistic 
regression is undertaken to exclude coexisting morbidities (6,46). The Framingham study 
also confirmed that the risk of stroke is at least 2.5-fold higher in patients with diabetes 
(47), a finding that has been confirmed in other large epidemiologie studies (48,49). 
Moreover, diabetes is strongly associated with atherosclerosis of the extracranial internal 
carotid artery, and thus imparts an additional independent risk of stroke (49). 

A variety of mechanisms have been proposed as to the cause of accelerated athero­
sclerosis in diabetes (51,52). The roIes of endothelial dysfunction, advanced glycosyla­
tion end products, oxygen-derived free radicals, and vasoactive prostanoids and 
microvascular disease have already been discussed; it is likely that these also contribute 
to the pathogenesis of macrovascular atherosclerotic disease. Platelet abnormalities are 
also seen in diabetes and inc1ude increased thromboxane release, increased aggregation, 
and increased interaction with lipoproteins that may infiltrate the endothelial wall (53). 
Elevated fibrinogen levels are also more common among diabetic patients and have 
been associated with a higher incidence of stroke and cardiovascular disease (54). As 
with mierovascular disease, it is likely that all of these mechanisms work together in the 
pathogenesis of macroangiopathy in diabetes. 

LOWER EXTREMITY ARTERIAL DISEASE AND DIABETES 
Lower-extremity arterial disease is more common among patients with diabetes. The 

presence of diabetes is associated with a two- to threefold excess risk of intermittent 
claudieation compared with its absence (54). Along with neuropathy, ischemia from 
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lower-extremity arterial insufficiency is one of the two principal pathogenic mecha­
nisms in diabetic foot disease, and together they contribute to the sequence of tissue 
necrosis, ulceration, infection, and ultimately gangrene. 

Unlike microvascular disease, which is unique to diabetes and its metabolic alter­
ations, the cause of ischemia is similar in both diabetic and nondiabetic patients and is 
caused by accelerated atherosclerosis. One notable difference between these popula­
tions is the pattern and location of the occlusive atherosclerotic lesion. As noted 
earlier, there is no evidence for an occlusive lesion at the arteriolar level small-vessel 
disease ("small-vessel disease") in patients with diabetes. However, diabetic patients 
are more likely to have atherosclerotic disease affecting the tibial arteries, with spar­
ing of the foot arteries (12,55) and thus successful arterial bypass to these distal ves­
sels is often possible. 

Because the foot vessels are often patent in the diabetic patient, and because of the 
success of bypass grafting to these vessels, an appropriate evaluation for ischemia is 
essential in diabetic patients suspected of having lower extremity arterial disease. The 
most important observation is the presence or absence of a palpable foot pulse; in sim­
plest terms, if the foot pulses are not palpable, it can be assumed that occlusive disease 
is present. 

Noninvasive arterial tests have severallimitations in the presence of diabetes. Medial 
arterial calcification occurs frequently in diabetic patients. Although it is associated 
with an increased cardiovascular mortality, it is not part of the occlusive process and not 
associated with the development of peripheral vascular disease. Calcification of the tib­
ial arteries results in noncompressible vessels and an artifactual elevation of the ankle­
brachial pressure index. Lower levels of vessel calcification in the toe vessels supports 
the use of toe systolic pressures as a more reliable indicator of arterial flow to the foot 
(56). The use of toe pressures is often limited by the proximity of the foot ulcer to the 
cuff site, but it is still a valuable addition to the evaluation of foot ischemia in the dia­
betic patient. 

Pulse-volume recordings mayaiso be of value in diabetic patients, since they are 
unaffected by medial calcification. Limitations are again the presence of ulceration, 
wh ich precludes forefoot cuff placement, and peripheral edema that often accompanies 
the infectious process. In addition, the tracings are semiquantitative at best. A flat fore­
foot tracing is a convincing demonstration of ischemia, but it is difficult to make clini­
cal decisions based upon the magnitude of the waveform. Moreover, an occasional 
patient with near-normal tracings and a nonhealing ulcer will have significant and cor­
rectable distal arterial occlusion by arteriography (57). 

Transcutaneous oxygen tension (TcP02) measurements are also unaffected by 
medial calcification, and recent reports have noted its reliability in predicting success 
of diabetic foot ulcer healing (58). Its use is limited however by a lack of equipment 
standardization, user variability, and a large "gray area" of values in which healing is 
unpredictable. In addition, TcP02 measurements are actually higher in diabetic patients 
with foot ulcers compared to the nondiabetic population, which further compromises 
the ability to predict ischemia in these patients (59). 

The limitations of noninvasive vascular testing in diabetic patients with foot ulcera­
tion emphasize the continued importance of a thorough bedside evaluation and sound 
judgment. We continue to feel that the most important aspect of the physical exam is the 
status of the foot pulse. In simplest terms, it can be assumed that occlusive disease is 
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present if the foot pulses are not palpable. This finding alone is an indication for con­
trast arteriography in the clinical setting of tissue loss, poor healing, or gangrene, even 
if neuropathy may have been the antecedent cause of skin breakdown or u1ceration. 
Importantly, because the foot vessels are often spared by the atherosclerotic occlusive 
process, even when the tibial arteries are occluded, it is essential that arteriograms not 
be terminated at the midtibial level. The complete infrapopliteal circulation should be 
incorporated, including the foot vessels. 

PRINCIPLES OF ARTERIAL 
RECONSTRUCTION IN THE DIABETIC FOOT 

The combination of motor and sensory neuropathy along with loss of the neuro genie 
inflammatory response and microcirculatory dysfunction results in a biologically 
compromised foot. Even moderate ischemia may lead to u1ceration under these circum­
stances. Thus the concept of ischemia must be modified in making decisions about arte­
rial reconstruction in the diabetic foot. The biologically compromised foot requires 
maximum circulation to heal an u1cer. 

This leads to three significant principles: 

1. All diabetic foot ulcers should be evaluated for an ischemic component. 
2. Correction of a moderate degree of ischemia will improve healing. 
3. Whenever possible, the arterial reconstruction should be designed to restore normal arte­

rial pressure to the target area. 

A complete arteriogram will facilitate choosing an outflow artery that will restore a 
palpable foot pulse. Proximal bypass to the popliteal or tibio-peroneal arteries may 
restore foot pulses. More often, however, because of the pattern of occlusive disease 
in the diabetic patient, bypass grafting to the popliteal or even tibial" arteries cannot 
accomplish this goal, because of more distal obstruction. Similarly, although excel­
lent results have been reported with peroneal artery bypass (60), the peroneal artery is 
not in continuity with the foot vessels and may not achieve maximal flow to the foot 
to achieve healing. 

Autogenous vein grafting to the dorsalis pedis artery represents a technical advance 
that provides durable and effective salvage (61 ). Fundamental to the success of the dor­
salis pedis bypass is meticulous technique and its appropriate use. The principal indica­
tion for the pedal graft is when there is no other vessel that has continuity with the foot, 
particularly in cases with tissue loss. Dorsalis pedis bypass is unnecessary when a more 
proximal bypass will restore foot pulses and should not be done if there is an inadequate 
length of autogenous vein. In addition, if the dorsum of the foot is extensively infected 
and the peroneal artery is of good quality on the preoperative arteriogram, preferential 
choice should be given to peroneal artery bypass. 

The distal location of the dorsalis pedis artery theoretical~y necessitates a long 
venous conduit, which is often not attainable. However, by using the popliteal or distal 
superficial femoral artery as an inflow site, a shorter length of vein may be used, with 
excellent long-term patency (62). This is particularly true in the diabetic patient, again 
because of the pattern of atherosclerotic disease. In the Deaconess Hospital experience 
of 384 pedal bypasses over a 7-yr period, 60% of grafts utilized the more distal inflow 
site, usually the popliteal artery (63). This avoids disseetion in the groin and upper 
thigh, a common location for wound complications. In addition, the shorter length of 
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saphenous vein obviates the need for foot extension of the vein harvest incision, which 
is parallel to the one required to expose the dorsalis pedis artery; this avoids the resul­
tant skin bridge that may occasionally become ischemic from undue tension. The vein 
graft to the dorsalis pedis artery can be prepared as an in situ, reversed, or nonreversed 
vein graft, without any significant difference in outcome (64). 

Active infection in the foot is not a contraindieation to dorsalis pedis bypass, as long 
as the infectious process is controlled. At the Deaconess Hospital, the results of 56 vein 
bypasses to the dorsal pedal artery in patients with ischemic foot lesions complicated by 
infection were recently reviewed (65). Inc1uded in this group were 15 patients with 
severe gangrene, osteomyelitis, and/or deep space abscess. The average duration 
between admission and bypass was 10 d. Although there was a 12% wound infection 
rate, the primary graft patency was 92% at 36-mo follow-up. Importantly, this aggres­
sive approach to revascularization in the ischemic and infected foot resulted in a limb 
salvage rate of 98% at the end of 3 years. 

We have recently reported our experience with dorsalis pedis arterial bypass in 367 
patients over an 8-yr period (66). Tissue loss was an indication for surgery in almost 
85% of patients. The actuarial primary and secondary patency and limb-salvage rates 
were 68, 82, and 87%, respectively, at 5-yr follow-up. The preoperative digital subtrac­
tion arteriogram demonstrated the dorsalis pedis artery in 93% of extremities. In the 
remaining cases in which no artery was seen but an audible Doppler signal was present, 
arterial bypass was successful in 57%, emphasizing that blind exploration is reasonable, 
especially when amputation is the only other option. 

This approach to the diagnosis and treatment of lower-extremity arterial disease in 
patients with diabetes has translated to improved limb salvage. Since 1984, there has 
been a significant reduction in every category of amputation at the Deaconess Hospital, 
with an increase in the number of patients undergoing arterial reconstruction, particu­
larly dorsalis pedis bypass grafting. It is hoped that further understanding of the patho­
physiology of the micro- and macrocirculation in diabetes mellitus will lead to further 
improvements in foot care and limb salvage in these patients. 

MACROVASCULAR DISEASEAND DIABETIC NEUROPATHY 

As noted elsewhere, current hypotheses regarding the etiology of diabetic neuropathy 
inc1ude a combination of metabolic defects secondary to hyperglycemia and vascular 
changes which result in nerve hypoxia (67). Evidence for a hypoxie etiology inc1udes 
reduced endoneurial blood flow, increased vascular resistance (68,69), and decreased 
endothelial production of nitric oxide (48). Although microvascular dysfunction has 
been mainly implicated, the role of peripheral vascular disease remains considerable, as 
it appears likely that a decrease in total limb blood flow would potentiate nerve 
ischemia. Previous studies in patients with peripheral vascular disease, with or without 
diabetes, initially showed similar rates of electrophysiologic measurement improve­
ment in diabetic and nondiabetic patients after bypass operation (70-71 ). However, it is 
not known whether this improvement is related to functional changes or if it really 
reflects beneficial changes in the nerve pathology. 

Clinical studies from our laboratory have focused on the effect of arterial reconstruc­
tion on the natural history of diabetie neuropathy (72,73). Fifty-five patients with dia­
betes and peripheral vascular disease requiring revascularization were studied. Peroneal 
nerve conduction velocity was measured prior to arterial bypass, six weeks later and 
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Fig. 2. Changes in the postoperative peroneal motor nerve conduction velocity (black bars) compared 
with the preoperative measurements (gray bars) in the revascularized limbs and limbs not operated 
on. No difference was found in the revascularized legs, but a significant decrease was found in the 
controllegs (asterisk indicates p < 0.05) Ref. 73, reprinted with permission. 

then again at a mean follow-up of 19 months. At baseline a significant difference was 
found between the leg that was scheduled for operation and the contralateralleg in the 
Neuropathy Disability Score, the Semmes-Weinstein monofilaments and the peroneal 
nerve conduction velocity. After the revascularization procedure, no difference existed 
between the operated and the contralateral leg in any nerve-function measurements. 
However, no significant improvement was found in the operated leg when nerve-func­
tion measurements during the second visit were compared to baseline. 

In the operated leg, the peroneal nerve conduction velocity remained unchanged dur­
ing the foUow-up period (preoperative 35.79 ± 6.02 vs postoperative 35.33 ± 7.51 rn!s, 
p = NS), but deteriorated in the nonoperated leg (36.68 ± 6.22 vs 33.64 ± 7.30, p < 
0.05) (Fig. 2).1t appears, therefore, that reversal ofhypoxia in diabetic patients halts the 
progression of neuropathy, lending further support to the role of hypoxia in the patho­
genesis of nerve dysfunction in diabetes mellitus. 

CONCLUSIONS 

Diabetes mellitus is characterized by a variety of microcirculatory abnormalities, 
which may be instrumental in the pathogenesis of many of the secondary complications. 
Additionally, a macroangiopathy is also found, manifesting as coronary, extracerebral 
vascular, and lower-extremity arterial disease. Understanding the complex pathophysi­
ology behind these disorders is the basis of intense ongoing research, and is critical in 
reducing the overall morbidity and mortality of diabetes. 
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pupillary manifestations, 197 
sudomotor dysfunetion, 198 

Axoglial dysjunetion, 80 

B 

Basement membrane thiekening, 80 
Biothesiometer, 64 

C 

Capillary fragility, 297 
Cardiovaseular autonomie dysfunetion, 

evaluation ofadrenergie funetion, 189 
heart rate in response to respiration, 185 
heart rate response to lying down, 188 
heart rate response to postural change, 187 
prevalenee, 182 
vagal funetion, 185 

Cardiovaseular autonomie dysfunetion, 185 
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Cardiovaseular autonomie neuropathy, 
diabetie eardiomyopathy, 218 
etiology, 211 
heart rate variability, 213 
long QT syndrome, 220 
myoeardial infaretion, 217 
orthostatie hypotension, 214 
prevalenee, 210 
silent isehemia, 216 
sudden death, 219 
treatment, 221 

Chareot joint disease, 
management, 314 

Chareot neuroarthropathy, 297 
osteoc1astie aetivity, 298 

Clinieal signs, 62 
eorrelations, 68 

Clinical symptoms, 61 
Compatible osmolyte hypothesis, 15 
Computer-assisted sensory examination 

(CASE), 66 
Conduetion veloeity, 66 
Constipation assoeiated with diabetes, 252 
Current pereeption thresholds, 66 

D 
DCCT, 

eomplieations of intensive treatment, 114 
eost-effeetiveness, 114 
diagnostie eriteria of diabetie neuropathy, 

110 
implieations, 115 
metabolie eontrol, 111 
methodology, 109 
neurologie outeomes, 112 
patient demographies, 111 
retinopathy and nephropathy outeome, 112 

Diabetic amyotrophy, see Proximal diabetic 
neuropathy 

Diabetie eardiomyopathy, 218 
Diabetie diarrhoea, 

c1inical features, 250 
evaluation, 251 
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pathophysiology, 250 
treatment, 254 

Diabetie gastroparesis, 
elinieal features, 247 
etiology, 246 
evaluation, 248 
treatment, 254 

Diabetie inflammatory vaseulopathy, 150 
Diabetie mye10pathy, see Proximal diabetie 

neuropathy 
Diabetie neuropathy, 

elassifieation, 50 
diagnostie eriteria, 71 
typical symptoms, 62 

Diabetic ophthalmoplegia, see Oeulomotor 
nerve palsies 

Differential diagnosis of diabetie neuropathy, 72 

E 
E1eetrophysio10gie measurements, 

eorrelations, 69 
Eleetrophysiology, 66 

influeneing faetors, 67 
Endoneurial isehemia, 80 
Endoneurial vessels, 80 
Endothelial funetion, 

microcireulation, 321 
Endothelia1 funetion in diabetes, 322 
Endothelial-derived nitrie oxide (EDNO), 322 
Endothelium-derived re1axing faetor 

(EDRF),321 
Epidemio10gy of diabetie neuropathy 

autonomie neuropathy, 9 
Diabetes eontro1 and eomplieations trial 

(DCCT),6 
distal symmetrie polyneuropathy, 2 
foeal neuropathies, 10 
measurementerrors,2 
risk faetors, 5 

Esophageal dysfunetion, 245 
EURODIAB study, 292 
Exercise, 

F 

eardiovaseular effeets of diabetie 
neuropathy, 264 

glyeemie eontrol, 263 
guidelines, 266 
metabolie response, 257 
metabolie response in diabetes, 260 
risk for foot problems, 264 

Feeal ineontinenee, 253 

Index 

Felted foam dressing, 306 
Femoral neuropathy, see Proximal diabetie 

neuropathy 
Foeal diabetie neuropathy, 

differential diagnosis, 178 
treatment, 179 

Foeal neuropathy ofthe upper limbs, 177 
Foot pressures, 294 
Foot problems, 

and atheroselerosis, 291 
and neuropathy, 292 
and peripheral vaseular disease, 292 
isehaemie uleeration, 292 
mortality, 285 

Foot surgery, 313 
Foot surgery, prophylaetie, 313 
Foot ulceration, 

G 

and autonomie neuropathy, 293 
and eallus, 294 
and high foot pressures, 294 
and mieroeireulation, 295 
and other diabetes eomplieations, 295 
and psyehologieal faetors, 297 
epidemiology, 275 
foot pressures, 278 
racial differenees, 296 
risk faetors, 276, 293 
vibration perception thresholds, 277 
wound hea1ing, 297 

Gamma-linolenie acid, 129 
Gastroparesis diabetieorum, see Diabetie 

gastroparesis 
GLA, see Gamma-linolenie aeid 
Gustatory sweating, 198 

H 
Hyperglyeemia and diabetie neuropathy, 108 

I 

Impotenee, see Sexual dysfunetion 
Insulin neuritis, 55, see Neuropathie pain 
International C1assifieation ofDiseases, 274 
Intrinsic foot muscle atrophy, 294 

L 
LEA, see lower extremity amputations 
Limb neuropathy, 173 
Limitedjoint mobility, 294 

prayer sign, 294 
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LJM, see Limited joint mobility 
Lower extremity amputations, 278 

causal pathways, 283 
epidemiology, 279 
risk factors, 283 

M 
Macrovascular disease, 

relationship with diabetic neuropathy, 327 
small-vessel disease, 325 
transcutaneous oxygen tension (TcP02), 325 
treatment, 326 
vessel calcification, 325 

Macrovascular disease and diabetes 
McGill Pain Questionnaire, 62 
Michigan Diabetie Neuropathy Score, 63 
Michigan Neuropathy Screening Instrument, 

63,94 
Microvascular disease, 

blood flow, 320 
capillary basement membrane thickening, 

320 
endothelial function, 321 
endothelial nitric oxide synthetase 

(eNOS),324 
neuropathy, 323 
occlusive lesions, 320 

Motilin, 247 
Mucormycosis, 178 
Myo-inositol, 

N 

depletion, 16 
diacylglycerol, 17 
nerve blood flow, 16 
nerve conduction velocity, 16 
protein kinase C, 17 

National Health Interview Surveys, 274 
National ~ospital Discharge Surveys, 274 
Natural history ofneuropathy, 54 
Nerve growth factors, 32 
Neuropathic cachexiai, 137 
Neuropathic pain, 

capsaicin, 158 
clinical features, 133 
dysesthetic, 148 
focal and multifocal neuropathies, 150 
gate control theory, 137 
Hamburg Pain Adjective List (HPAL), 152 
insulin neuritis, 135, 149 
McGill Pain Questionnaire, (MPQ), 139, 152 

metabolic control, 137 
muscular pain, 148 
nerve blood flow, 137 
nerve trunk pain, 148 

Neuropathic Pain Scale, 152 
neuropathy staging by Dyck, 139 
pathogenesis, 134 
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peripheral nerve ischaemia, 135 
spontaneous ectopic impulse generation, 134 
verbal descriptor scale (VDS), 151 
visual analogue scale (V AS), 151 
visual analogue scale (VAS), 139 

Neuropathic pain, treatment, 
clonidine, 161 
electrical spinal cord stimulation (ESCS), 

141 
gamma-linolenic acid (GLA), 156 
glycemic control, 141, 154 
lidocaine, 161 
a-lipoic acid, 157 
non-pharmacological, 140 
number, 154 
opioids, 161 
phenytoin, 161 
placebo effect, 153 
psychological support, 140 
regression to the mean, 153 
rheologie agents, 162 
selective serotonin reuptake inhibitors 

(SSRI),160 
tricyclic antidepressants, 159 
vitamins B, 162 

Neuropathic symptoms, 
correlations, 67 

Neuropathy disability score, 
MayoNDS,62 
simplified, 63 

Neuropathy symptom profile, 62 
Neuropathy symptom score, 62 

Mayo Clinic, 62 
simplified, 62 

NHDS, see National Hospital Discharge 
Surveys 

NIDS, see National Health Interview Surveys 
Nocturnal penile tumescence, 232 
Non-enzymatic glycation, 20 

o 
Oculomotor nerve palsies, 171 

clinical manifestations, 172 
epidemiology, 172 
pathology, 173 
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Osmolyte disturbances, 15 
Oxford Community Diabetes Study, 276 

P 
Painful neuropathy, see Neuropathic pain 

management, 100 
Papaverine, see Sexual dysfunction, treatment 
Pathogenesis of diabetic neuropathy, 

aldose reductase, 14 
decreased ATPase activity, 24 
eicosanoids, 30 
endoneurial capillary flow, 26 
insulin-like growth factors (IGFs), 35 
myo-inositol depletion, 16 
nerve growth factors, 32 
nerve ischemia, 25 
nitric oxide, 27 
nitric oxide synthetase activity, 27 
NO depletion, 21 
non-enzymatic glycation, 20 
oxidative stress, 18 
signal transduction pathways, 21 
taurine depletion, 17 
the Sorbitol-Redox Hypothesis, 20 

Pathologic changes, 
axonal atrophy, 81 
capillary closure, 80 
clinical trials, 83 
correlations with electrophysiology, 82 
differences in IDDM and NIDDM, 81 
fiberatrophy,78 
quantitative assessments, 81 
ranvier node, 78 
segmental demyelination, 78 
Wallerian degeneration, 81 

Penile prosthesis, see Sexual dysfunction, 
surgical approaches 

Phentolamine, see Sexual dysfunction, 
treatment 

Phychophysiacal testing, 64 
PKC activity, 21 
Ponalrestat, see Aldose reductase inhibitors 
Power spectral analysis, 190 
Prolonged erections, see sexual 

dysfunction:complications of treatment 
Prostaglandin, see Sexual dysfunction, 

treatment 
Proximal diabetic neuropathy, 174 

clinical manifestation, 174 
electrophysiological studies, 175 
treatment, 163 

Pudendal motor evoked potential, 232 

Q 
Quantitative sensory testing, 68 

other techniques, 66 

S 

Index 

Sildenafil, see Sexual dysfunction, treatment 
Sacral evoked response, 232 
San Antonio Consensus Statement, 61, 72 
Semmes-Weinstein monofilaments, 65 
Sensory action potential, 66 
Sexual dysfunction, 

assessment, 230 
complications of treatment, 234 
couple therapies, 238 
drug effects, 229 
ejaculatory changes, 231 
honnonal investigation, 231 
latency, 232 
neuropathy, 228 
pelvic nerves, 228 
penile corpora, 229 
perfonnance anxiety, 238 
prevalence, 227 
prostaglandin EI, 229 
psychological assessment, 232 
surgical approaches, 236 
treatment, 233 

intracavemosal injections, 234 
oral medication, 233 

vacuum assisted erection, 235 
venous leakage, 229 
women problems, 238 

Signs of diabetic neuropathy, 52 
Silent Ischemia, 216 
Small-fiber neuropathy, 53 
Sorbinil, see Aldose reductase inhibitors 
Sorbitol dehydrogenase, 14 
Staging ofdiabetic neuropathy, 67 
Sural nerve biopsies, 67 
Symptoms of diabetic neuropathy, 51 

T 
Taurine, 

cell growth, 17 
glucose toxicity, 17 
oxidative stress, 17 
PKC activation, 17 

Teased fiber analysis, 81 
Third cranial nerve palsy, 

pain,l72 
pupillary function, 173 
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Tolrestat, see Aldose reductase inhibitors 
Truncalneuropathy, 177 

V 
Vacuum assisted erection devices, 235 
Vagal dysfunction, 247 
Vibrameter,64 

vibration perception threshold 
factors of influence, 64 

Vibration Perception Threshold, 64 
variability and reliability, 6S 

Visceral neuropathy, 244 

W 
Wagner classification, 305 

grade 0,305 

grade 1,306 
grade 2, 307 
grade 3, 310 
grade 4,311 
grade 5, 313 
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Wann and Cold Perception Thresholds, 66 
Wisconsin Epidemiologie Study of Diabetic 

Retinopathy, 275 

y 

Y ohimbine hydrochloride, see Sexual 
dysfunetion, treatment 

Z 
Zenarestat, see Aldose reductase inhibitors 
Zopolrestst, see Aldose reductase inhibitors 
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