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1. INTRODUCTION 

Diabetic cardiovascular autonomic neuro- 
pathy (CAN) is associated with a poor prognosis 
and may result in severe postural hypotension, 
exercise intolerance, enhanced intraoperative 
lability, and probably increased incidence of 
silent myocardial infarction and ischaemia. 
Today, sensitive and early assessment of CAN 
is possible by means of non-invasive autonomic 
function tests, including standard indices and 
spectral analysis of heart rate variation, aiming 
at prevention of the advanced stages. However, 
a generally accepted standardization of the 
various test procedures is needed. Despite this 
problem, it is estimated that CAN can be 
detected in at least 1/4 of type 1 and 1/3 
of type 2 diabetic patients. In some cases, 
autonomic dysfunction may be present as soon 
as at the time of manifestation of both type 1 
and type 2 diabetes. The best possible degree 
of glycaemic control is regarded as the primary 
approach to a causal treatment of CAN. 
However, it should be noted that periods of 
several years are obviously needed to achieve 
beneficial effects on autonomic dysfunction. 
Therapeutic approaches based on the pathogen- 
etic concepts of neuropathy have so far been 
mostly disappointing or not yet translated from 
experimental studies into therapeutic strategies 
in diabetic patients. Hence, besides the optim- 
ization of glycaemic control, only symptomatic 
treatment is available in clinical routine. Before 

Addressee for correspondence: Dr. Dan Ziegler, 
Diabetes-Forschungsinstitut an der Heinrich-Heine- 
Universitat, Auf'm Hennekamp 65,40225 Dusseldorf, 
Germany. 

such therapy is initiated, the risk-benefit ratio 
has to be thoroughly estimated because of 
sometimes limited efficacy and significant side- 
effects. 

Disorders of the autonomic nervous system 
(ANS) include, firstly, primary autonomic fail- 
ure (pure autonomic failure and autonomic 
failure with multiple system atrophy and 
with Parkinson's disease); secondly, secondary 
manifestations associated with diseases such 
as diabetes mellitus, renal failure, alcoholism, 
vitamin B,, deficiency, amyloidosis, malignanc- 
ies, infections, autoimmune disease, or brain 
and spinal cord lesions; and, thirdly, drug- 
induced alterations. 

In diabetes mellitus, any organ innervated 
by the ANS can be affected by autonomic 
failure, which has been defined as impaired 
function of the peripheral autonomic nervous 
system. It can be divided into two categories, 
namely, autonomic neuropathy, including a 
structural lesion of the peripheral autonomic 
neuron; and functional autonomic failure, in 
which no known structural lesion  occur^.^*^ 
According to a recently proposed definition, 
autonomic abnormalities are classified as struc- 
tural or functional with further subdivisions 
based on the overt or subclinical nature of the 
disorder, the specific subdivisions of the ANS, 
and the specific organ systems involved.' 
Autonomic neuropathy in diabetes may be 
divided into two categories: either subclinical, 
which is diagnosed only by tests, or clinical, 
which presents with symptoms or signs.3 

The onset of clinical features is usually 
insidious. They may be patchy or manifold 
and include postural hypotension, gastric 
symptoms, intermittent diarrhoea, consti- 
pation, incontinence, bladder dysfunction, erec- 
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tile impotence, sudomotor abnormalities 
including gustatory sweating, and hypoglycae- 
mia-associated autonomic failure. However, in 
the absence of symptoms or in the case of 
their limitation to a single organ, subclinical 
(asymptomatic) involvement may be wide- 
spread throughout multiple organs, resulting 
in jeopardy for the patient if they remain 
unrecognized or underestimated. 

It has been emphasized in several reviews 
that CAN is a serious complication of 
diabetes."" Although its manifestations have 
been appreciated as a clinical entity since the 
classical report by Rundles,17 our knowledge 
about the pathogenesis and pathophysiological 
mechanisms underlying CAN remain fragmen- 
tary. Moreover, in the past, the complications 
of diabetes involving the ANS have received 
less attention than those affecting the peripheral 
sensorimotor system. This was due, on the one 
hand, to the fact that serious clinical symptoms 
usually occur relatively late in the course of 
diabetes and, on the other hand, to the fact 
that non-invasive quantitative and reliable 
methods for assessment of ANS function have 
only been available relatively recently. Since 
the introduction into clinical routine of cardio- 
vascular reflex tests based on changes in 
heart rate variation (HRV) and blood pressure 
regulation, it has become evident that CAN 
may be frequently detected and adequately 
managed at early stages in asymptomatic 
diabetic patients. 

2. PROGNOSIS 

A number of prospective studies have 
demonstrated an increased mortality among 
diabetic patients with symptomatic CAN or 
those with abnormal cardiovascular reflex tests, 
respectively.1a26 The major findings of these 
studies are summarized in Table I. The overall 
mortality rates over periods up to 10 years 
were about 29% in diabetic patients with CAN 
compared with 6% in those without evidence 
of CAN. Among 102 patients studied for 7.5 
years in the Stockholm Diabetes Intervention 
Study, altogether seven patients died, all of 
whom had CAN.27 However, it must be kept 
in mind that autonomic dysfunction may also 
be found in the absence of diabetes as a 

consequence of common cardiovascular dis- 
eases such as coronary artery 
myocardial i n f a r c t i ~ n , " . ~ ~ , ~ ~  and heart fail- 
ure,11T2' and it has been shown to be an 
independent indicator of poor prognosis in 
these p a t i e n t ~ . ' ' * ~ ~ * ~ ~  Since cardiovascular dis- 
eases represent the major cause of death in 
diabetic patients?l the impact of diabetes and, 
for example, coronary sclerosis on the ANS 
may overlap in a number of patients to such 
a degree that CAN at least may not be 
the only factor responsible for the increased 
mortality. On the other hand, there is evidence 
that CAN contributes to the poor prognosis in 
diabetic patients as an independent factor.22 
By analogy, an increased risk of mortality has 
also been demonstrated in patients with cardiac 
autonomic dysfunction associated with chronic 
liver disease32 and chronic a l c o h o l i ~ m . ~ ~ * ~ ~  

The mechanisms by which CAN leads to 
the increased mortality remain a matter of 
debate, but two hypotheses have been sug- 
g e ~ t e d . ~ ~ , ~ ~  A number of studies have shown 
an association between CAN and QT interval 
prolongation,3"2 leaving space to the specu- 
lation that, by analogy with the QT prolongation 
encountered in the idiopathic long QT syn- 
drome which is characterized by recurrent 
episodes of syncope or cardiac arrest due 
to torsades de p o i n t e ~ , ~ ~ . ~ ~  CAN might also 
predispose to malignant ventricular arrhyth- 
mias and sudden death.23 The long QT syn- 
drome is associated with a high incidence of 
sudden cardiac death and depends on an 
imbalance in cardiac sympathetic innervation, 
i.e., reduced right and reflexly increased left 
cardiac sympathetic On the other 
hand, vagal efferent activity is generally con- 
sidered to have a protective effect against 
ventricular f i b r i l l a t i~n .~~  

Diabetic patients with CAN who died 
within a 3-year follow-up showed prolonged 
QT intervals when compared with those who 
survived.23 Sudden death was observed in 
seven out of the ten patients with CAN who 
died. However, since another study could not 
confirm these findings,24 the question of a 
possible predictive value of QT interval length- 
ening in view of the increased mortality in 
diabetic CAN remains open. Interestingly, an 
association between QT interval prolongation 
and sudden death has also been demonstrated 
in patients with alcoholic liver disease.34 
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Table I .  Mortality in Diabetic Patients with Cardiac Autonomic Neuropathy (CAN + ) and without 
(CAN-) 

Reference 

Mortality Mortality 
Follow-up NO. of CAN + CAN- 

(years) tests n (0%) n (Yo) 

- 

P 

Ewing et al., 19801' 
Hasslacher and Bassler, 198319 
Navarro et al., 199O2' 
Sampson et al., 199O2I 
O'Brien et al., 199122 
Ewing et al., 199123 
Jermendy et al., 19912* 
Rathmann et al., 199325 
Luft ef a/., 199326 

Total 

5 
5 

3.3 (1-7.3) 
10 
5 
3 
5 
8 

8 (6-10) 

X:5.8 

3 + s  
1 
2 

l + s  
4 

5 + QTc 
4 + QTc 
2 + QTc 

4 

~ 

21/40 (53) 
3/16 (19) 

411175 (23) 
18/49 (37) 
23/84 (27) 
10132 (31) 
12/30 (40) 
8/35 (23) 
7/34 (21) 

- x: 1431495 (29) 

5/33 (15) 
3/42 (7) 
2/57 (4) 

4/38 (11) 
211422 (5) 

3/39 (8) 
1/23 (4) 
1/35 (3) 
1/19 (5) 

2:41/708 (6 )  

C0.05 
NS 

<0.05 
<0.05 
<0.05 
<0.05 
c0.05 
<0.05 

NS 

- 

NS: not significant; QTc: corrected QT interval; S: autonomic symptoms. 

The rates of sudden death in the studies 
listed in Table I tended to be higher in patients 
with CAN than in those without CAN, but 
the numbers were relatively small: 5/21 vs. 01 
5,'' 7/10 vs. 1/3,23 318 vs. 0/1,25 3/18 ~ s . 0 1 4 . ~ ~  
In unselected patients who underwent 24-h 
Holter monitoring, a 2.6-fold higher relative 
risk for sudden death within 2 years after 
adjustment for age, left ventricular dysfunction, 
and a history of myocardial infarction were 
observed among patients with reduced HRV 
compared with those with normal HRV. There 
were 18 diabetic patients among 193 subjects 
who died suddenly (9.3%), but only 8 out of 
230 randomly selected patients of the study's 
total cohort (n = 6693) who survived had 
diabetes (3 .570) .~~  

The second hypothesis for the explanation 
of the increased mortality in CAN suggests 
that impaired central control of respiration 
rather than abnormal cardiovascular reflexes 
contributes to the poor prognosis.35 This view 
was supported by a study reporting an 
increased prevalence of sleep apnoea in diabetic 
patients with although another report 
has demonstrated normal breathing patterns 
and oxygenation during sleep.48 Several studies, 
except have demonstrated impaired 
ventilatory responses to progressive hypercap- 
nia or hypoxaemia in CAN.5c53 This impair- 
ment is not due to peripheral factors such 
as abnormal lung function or diaphragmatic 
muscle alterations, but to a defective central 

control of respiration. The latter suggestion is 
supported by the finding that naloxone, a 
specific opioid antagonist, produced no increase 
in C 0 2  response in diabetic patients with CAN, 
in contrast to healthy  subject^.^' However, no 
effect of naloxone on C02 response was also 
observed in diabetic patients without CAN.'' 
Hence, the question remains open as to whether 
the altered central control of respiration is 
specific for CAN or rather a feature of diabetes 
itself. 

3. PATHOGENESIS 

A. General Aspects 

A variety of experimental and clinical 
studies, which have been recently reviewed in 
detai1,13*5P64 have provided new insights in 
the pathobiochemical and pathophysiological 
mechanisms potentially implicated in the 
pathogenesis of diabetic neuropathy. Five major 
pathogenetic concepts are currently being dis- 
cussed, the relative emphasis of which, how- 
ever, remains controversial. These include: 

1. enhanced flux through the polyol pathway 
with increased aldose reductase activity 
resulting in accumulation of sorbitol, 
depletion of myo-inositol, and reduction 
in NA+-K+-ATPase activity. Both these 
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biochemical alterations and experimental 
diabetic neuropathy are prevented by 
administration of aldose reductase 

reduction in nerve blood flow and endon- 
eurial microvascular abnormalities with 
consecutive ischaemia or hypoxia and 
enhanced generation of oxygen free 
r a d i ~ a l s . ~ ~ , ~ ~ , ~ ~  These abnormalities associ- 
ated with experimental diabetic neuropathy 
are prevented by several classes of vaso- 
dilators, gamma-linolenic acid, and antioxi- 
dant treatment;63 
formation of non-enzymatic advanced gly- 
cosylation end-products (AGES) in nerve 
and vessel-wall proteins.64 Aminoguanid- 
ine, a competitive inhibitor of AGE pro- 
duction, normalizes the decrease in nerve 
blood flow and morphological abnormali- 
ties associated with experimental diabetic 
ne~ropathy;" ,~~ 
deprivation of nerve growth factor (NGF) 
and other neurotrophic factors and deficits 
in axonal t r a n ~ p o r t . ~ ' , ~ ~  The decrease 
in NGF is experimentally reversed by 
establishing n o r r n o g l y ~ a e m i a ; ~ ~ , ~ ~  
immunological processes.6M3 

Since the latter concept has been implicated 
particularly in the pathogenesis of autonomic 
neuropathy, it will be discussed in more detail 
below. 

B. Immunological Mechanisms 

The observation of an association of severe 
symptomatic CAN with iritis, which is thought 
to be an immunologically mediated disease 
associated with circulating immune complexes, 
has led to the assumption that immunological 
processes could play a role in the pathogenesis 
of autonomic n e ~ r o p a t h y . ~ ~  Subsequent studies 
have shown a higher prevalence of diabetic 
patients, the majority of whom had CAN, 
among subjects with idiopathic anterior uveitis 
than in those with other ocular diagnoses.77 
A speculative mechanism is based on the 
suggestion that insulin antibodies may cross- 
react with NGF, which has some structural 
similarities to insulin and is essential for the 
growth and survival of sympathetic nerves. 

Since NGF and insulin may therefore share 
similar antigenic determinants, the action of 
insulin antibodies might be similar to that 
of NGF antibodies and lead to damage of 
sympathetic nerves.74 However, the high preva- 
lence of iritis in diabetic patients with CAN 
could not be confirmed by another 

Other immunological phenomena in CAN 
include increased levels of circulating immune 
complexes and complement breakdown pro- 
ducts (C3d) suggesting complement acti- 
~ a t i o n . ~ '  In addition, the levels of activated T 
lymphocytes may be elevated, suggesting the 
possibility that cell-mediated immunity may 
also play a role.73 However, i t  cannot be 
excluded that these findings are solely a 
secondary phenomenon due to other possible 
causes for T-lymphocyte activation. In order to 
determine whether a direct link exists between 
cellular immunity and CAN, an analysis of the 
antigen specificity would be required.73 

Further support for the hypothesis that 
autoimmune mechanisms could be implicated 
in the pathogenesis of diabetic autonomic 
neuropathy has been derived from the detection 
of complement-fixing antibodies to nervous 
tissue structures,6a71,75,76,7m0 i.e. anti-sym- 
pathetic ganglia antibodies, anti-adrenal med- 
ullary antibodies, and anti-vagus nerve anti- 
bodies. However, the available data regarding 
the relationship between these antibodies and 
the presence of CAN are controversial. Some 
studies have demonstrated a decreased fre- 
quency of ant i -~ympathet ic~~ and anti-adrenal 
medullary antibodies in diabetic patients with 
CAN,75*79 whereas others have shown either 
no difference to non-neuropathic diabetic sub- 
j e c t ~ ~ ~  or an increased frequency of anti-cervical 
ganglia antibodies or of having one or more 
antibodies in association with CAN." More- 
over, these autoantibodies may also be fre- 
quently detected in patients with a shorter 
duration of diabetes without evidence of CANR" 
or subjects at high risk of developing type 1 
d i a b e t e ~ . ~ ~ , ~ ' , ~ ~  It has been speculated that in 
these patients the antibodies may be of 
predictive value for subsequent development 
of neuropathy.68-80 However, to date there have 
been no prospective studies to answer this 
crucial question, and on the basis of the 
aforementioned cross-sectional studies, it can- 
not be ruled out that the presence of autoanti- 
bodies to nervous tissue in patients with type 
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1 diabetes of short duration may be attributed 
to their generally increased likelihood of 
developing multiple immunological abnormali- 
ties including increased frequency of autoanti- 
bodies to various tissues.85 

Another suggestion that autoimmune 
mechanisms and genetic predisposition might 
contribute to the development of CAN is based 
on evidence for an association of the latter 
with the HLA-DR3/4 phenotype which is the 
same phenotype related to the autoimmune 
type 1 diabetes.86 

Recently, autoantibodies to glutamic acid 
decarboxylase (GAD) have been found in 
small groups of type 1 diabetic patients with 
peripheral and/or autonomic neuropathy com- 
pared with non-neuropathic patients without 
evidence of neuropathy who had had diabetes 
for 5 years or more.” GAD catalyses the 
synthesis of gamma-aminobutyric acid in brain, 
peripheral neurons, and other organs. The 
brain contains two forms of GAD, one of which 
(GAD,,) is present in axon terminals, while 
the other (GAD,7) is found in both terminals 
and cell bodies.81 It has been suggested that 
antibodies to GAD may either be due to a 
restimulation of the immune system by GAD 
released from damaged neurons or be impli- 
cated in the pathogenesis of diabetic neuro- 
pathy, providing a useful marker of the neur- 
pathic process8’ However, very recent studies 
investigating anti-GAD,S antibodies were 
unable to confirm this first report in patients 
with CAN.R2,83 There was no association of 
autoantibodies to GAD with those to autonomic 
nerve  structure^.^^ Thus, at present there seems 
to be only marginal evidence for a pathogenetic 
role of GAD autoantibodies in CAN. Large 
cross-sectional and prospective studies are 
needed to determine their exact relevance with 
regard to CAN. 

4. MORPHOLOGY 

Extensive studies have been undertaken 
to examine the morphology of the peripheral 
sensorimotor nervous system in diabetic neuro- 
pathy, but relatively limited information is 
available on the neuropathology of the cardio- 
vascular ANS in diabetic patients with CAN. 
Earlier studies have described distended ganglion 

cells termed “giant sympathetic  neuron^","^ 
shortened intemodal distances in the white 
rami communicantes of the paravertebral sym- 
pathetic chain in patients with or without 
previous clinically manifest neuropathy,8R 
vacuolation of neurons and club-shaped 
enlargement of neural cell processes in auto- 
nomic sympathetic ganglia,89 and also demyel- 
ination of preganglionic sympathetic  fibre^^^,^^ 
and in the vagus nerve.91 Subsequently, the 
distended or vacuolated neurons and enlarged 
cell processes in superior cervical and coeliac 
sympathetic ganglia have been c ~ n f i r m e d , ~ ~  
and severe loss of myelinated axons in the 
sympathetic trunk and the vagus nerve taken 
from the neck have been shown in patients with 
symptomatic CAN.92 In addition, inflammatory 
cellular infiltrations by lymphocytes and macro- 
phages were widely distributed and particularly 
related to autonomic nerve bundles and gang- 
lia?’ suggesting increased immunological 
activity. Furthermore, reduced mean myelin- 
ated fibre density in the carotid sinus nerve, a 
purely afferent branch of the glossopharyngeal 
nerve, has been reported,93 providing a possible 
neuropathological basis for the baroreceptor 
dysfunction in diabetic patients. 

Recent studies have systematically exam- 
ined the prevertebral superior mesenteric and 
paravertebral cervical sympathetic ganglia in a 
series of 70 autopsied diabetic and non-diabetic 
subjects. Quantitative analysis demonstrated 
markedly swollen presynaptic terminal axons, 
termed neuroaxonal dystrophy, containing 
abundant disorientated neurofilaments and a 
decrease in neuronal density in the superior 
mesenteric but not cervical ganglia. A lesser 
degree of neuroaxonal dystrophy is also present 
in aging, and male diabetic and aged non- 
diabetic subjects are affected more frequently 
than fern ale^.^^,^' It has been suggested that 
the uniform appearance of dystrophic nerve 
terminals in diabetes and aging raises the 
possibility of shared pathogenetic mechanisms 
of both p r o c e ~ s e s . ~ ~  However, since these 
studies were based on a retrospective analysis 
and no autonomic assessment had been perfor- 
med, the relationship of the observed changes 
to autonomic neuropathy remains obscure. 
Only prospective studies could unravel the 
functional relevance of the neuroaxonal dys- 
trophy involving prevertebral sympathetic 
ganglia. 
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Autonomic nerve fibres of the heart muscle 
in diabetic patients who experienced painless 
myocardial infarction showed thickenings, fibre 
fragmentation, and a decrease in the number 
of fibres.97 This led to the suggestion that a 
lesion of the afferent nerves that conduct pain 
could be responsible for the absence of pain 
in these patients. 

Morphological studies of the innervation 
of the vasa nervorum in the sural nerve from 
diabetic patients with neuropathy provided 
evidence for a loss of autonomic innervation 
to the transepineurial sleeves and to the larger 
arterioles in the epineurium even in the 
presence of essentially normal myelinated fibre 
density. This might be due to autonomic 
neuropathy of the vasa nervorum that possibly 
results in defective circulatory autoregulat i~n.~~ 

5. CLINICAL FEATURES 

A. Heart Rate Changes 

It has long been recognized that resting 
tachycardia and fixed heart rate are character- 
istic findings in diabetic patients with advanced 
CAN.7 A number of studies have described 
resting heart rates of 90-100 beats/min, and 
occasionally heart rate increments up to 130 
beats/min have been observed in association 
with CAN.4 Group comparisons of diabetic 
patients and matched controls have shown an 
average increase of about 10 beats/min in the 
diabetic groups7 The highest resting heart 
rates have been found in patients with parasym- 
pathetic damage, while those with evidence for 
combined vagal and sympathetic involvement 
showed lower rates.99 Thus, heart rate may 
decline with increasing severity of CAN and 
therefore does not provide a reliable diagnostic 
criterion. 

The hallmark and earliest indicator of, and 
the most frequent finding in, subclinical and 
symptomatic cardiac autonomic dysfunction is 
a reduced heart rate variation (HRV), i.e., the 
magnitude of heart rate fluctuations around 
the mean heart rate, which can be detected 
using various non-invasive autonomic reflex 
tests described below. A fixed heart rate, 
defined as unresponsiveness to moderate exer- 
cise, stress, or sleep is an infrequent feature of 

CAN and indicates almost complete cardiac 
denervation.1° In one series, only 1 of 64 
patients showed a relatively fixed heart rate 
during 24-h ambulatory monitoring, but even 
in this case a small HRV could be noted.Im This 
finding is similar to the situation encountered 
during pharmacologic autonomic blockade and 
in the transplanted heart, in which marginal 
HRV can still be found,l0' possibly due to an 
intracardiac modulation mechanism of para- 
sympatheticlo2 and sympathetic reinner- 
vation.'03 Furthermore, ambulatory 24-h elec- 
trocardiography (ECG) revealed higher mean 
hourly heart rates during waking and sleeping 
and reduced diurnal HRV with increasing 
severity of autonomic irnpairment.'O0 

B. Postural Hypotension 

Postural hypotension is recognized as 
the clinical hallmark of CAN in diabetic 
patients.17,104 It is characterized by weakness, 
dizziness, visual impairment, and even syncope 
following the change from the lying to the 
standing posture. In some cases, this compli- 
cation may become disabling, but the blood 
pressure fall may also be asymptomatic. It is 
generally agreed that postural hypotension is 
defined by a decrease in systolic blood pressure 
upon standing of 30mmHg or m~re.~.lO We 
have recently confirmed this definition by 
showing a borderline value of 27 mmHg using 
an automatic blood pressure measuring device 
in 120 healthy subjects.lo4 It is important 
to note that orthostatic symptoms may be 
misjudged as hypoglycaemia and may be 
aggravated by a number of drugs including 
vasodilators, diuretics, phenothiazines, and in 
particular tricyclic  antidepressant^'^^,'^^ and 
insulin.lo7 Moderate doses of amitriptyline 
increase vascular capacitance by adrenergic 
inhibition, which results in a reduction in 
effective plasma v ~ l u m e . ' ~ ~ ~ ' ~  With regard to 
the blood pressure-lowering effect of insulin 
in CAN, it has recently been suggested that 
therapeutic doses of subcutaneous insulin 
induce a dual haemodynamic effect in diabetes 
by activating the sympathetic nervous system 
and inhibiting the sympathetic vasoconstric- 
tion. When the ANS is intact, the former effect 
predominates, leading to a blood pressure 
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increase, whereas in patients with CAN the 
latter effect predominates, and blood pressure 
decreases. The insulin-mediated hypotension 
in CAN is primarily due to a decrease in 
arterial vascular resistance and possibly also 
in plasma v~lurne. ' '~ However, the latter effect 
was not observed during a hyperinsulinaemic 
euglycaemic clamp.'09 

A change from the recumbent to the 
upright posture normally results in a decreased 
venous blood return to the heart. The com- 
pensatory mechanisms to prevent venous poo- 
ling and the decrease in cardiac output include 
the activation of a baroreceptor-initiated cen- 
trally mediated sympathetic reflex leading to 
an increase in peripheral vascular resistance 
by vasoconstriction due to norepinephrine 
release and cardiac acceleration. Postural hypo- 
tension is characterized by a defect in this 
reflex arc based on an incapability to increase 
peripheral resistance including splanchnic and 
subcutaneous vascular resistance. By contrast, 
cardiac output and plasma volume do not 
seem to be major determinants of orthostatic 
hypotension in CAN."' A defect in baroreflex 
modulation of norepinephrine levels during 
changes of blood pressure has been described 
even in type 1 diabetic patients without 
evidence of orthostatic hypotension."' 

The adrenergic pathophysiology in diabetic 
patients with orthostatic hypotension is com- 
plex. The plasma norepineprhine response to 
standing is variable insofar as the majority of 
patients have a blunted r e ~ p o n s e , " ' ~ " ~ - ~ ~ ~  
which has been described as hypoadrenergic 
postural hypotension, but some may show a 
normal or increased (more than 2 standard 
deviations above the mean of healthy controls) 
response to standing, which has been termed 
hyperadrenergic postural hyp~ tens ion . "~  The for- 
mer finding is consistent with a sympathetic 
vascular autonomic neuropathy, while the latter 
pattern has not been attributed to sympathetic 
neuropathy, but has been considered as a 
compensatory adrenergic response to intravas- 
cular volume contraction due to reduced red 
blood cell mass, which has been found in 
these patients,Il6 or to vascular resistance 
to endogenous n~repinephrine."~ Thus, the 
capacity to produce a maximum sympathetic 
response would be reduced, without adequate 
compensation for the intravascular volume 
contraction."6 

In patients with orthostatic hypotension 
due to sympathetic neuropathy, the basal 
norepinephrine secretion and production are 
de~reased."~ The reduced plasma norepi- 
nephrine levels in the supine position observed 
in some of these  patient^"',"^,"^,"^ are due 
to a decreased plasma appearance rate, but the 
metabolic clearance rate is not altered.120 

C. Denervation Hypersensitivity 

In diabetic patients with CAN, an increased 
vascular sensitivity to infusions of a-adre- 

and P-adrenergic agonistslZ3 
has been described. This has been attributed 
to denervation hypersensitivity as a conse- 
quence of sympathetic nerve degener- 
a t i ~ n . " ' , ' ~ ~  Infusions of a-adrenergic agonists 
in diabetic subjects with CAN led to an 
increase in arterial pressure to higher levels 
(phenylephrine) or in half-maximal venoconstr- 
iction (norepinephrine) after significantly lower 
doses than in healthy The 
latter effect was not observed for phenyleph- 
rine. Since norepinephrine is taken up into 
sympathetic nerve terminals, but phenyleph- 
rine is not, it has been suggested that vascular 
hypersensitivity to catecholamines is primarily 
determined by reduced neuronal catecholamine 
uptake, rather than an increase in postsynaptic 
vascular a-adrenoceptor sensitivity.'22 Cardio- 
vascular responses to the P-adrenoceptor agon- 
ist epinephrine include enhanced heart rate 
responses and oxygen uptake as well as 
decreased blood pressure due to a reduction in 
total peripheral vascular resistance in diabetic 
patients with CAN as compared with healthy 

Following epinephrine infusion, 
the plasma disappearance time of epinephrine 
and the mean sojourn time are significantly 
increased in CAN, suggesting prolonged action 
of an enhanced epinephrine secretion rate. lZ4 

These findings are in line with the aforemen- 
tioned hypersensitivity to epinephrine. 

In order to elucidate the mechanisms 
of adrenergic denervation hypersensitivity, 
adrenergic receptors have been measured on 
easily accessible circulating cells such as 
mononuclear leukocytes and platelets. How- 
ever, neither an increase in mononuclear 
leukocyte or platelet P,-adrenergic receptor 

nergicll 1,121,122 
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density nor an increase in the function of these 
receptors was noted in CAN.Iz5 Other studies 
have demonstrated decreased a,-adrenoceptors 
on platelet membranes in diabetic patients 
with CAN and orthostatic h y p ~ t e n s i o n . ' ~ ~ J ~ ~  
Thus, there is no evidence for a generalized 
increase in adrenergic receptors in CAN. 
By contrast, enhanced lipolytic sensitivity to 
catecholamines was found in gluteal adipocytes 
from diabetic patients with severe CAN. Since 
the density of P-adrenergic receptors in the 
adipocytes was increased, it has been suggested 
that an up-regulation could account for the 
enhanced P-adrenergic sensitivity in this cat- 
echolamine target tissue.'*' 

D. Exercise Intolerance 

In healthy non-diabetic subjects during 
mild exercise, heart rate is accelerated primarily 
by withdrawal of vagal activity, while during 
more pronounced exercise the rise in heart rate 
is due to increased sympathetic tone. 129*130 

During recovery from exercise, a gradual 
increase in vagal activity is observed.'30 In 
diabetic patients without evidence of heart 
disease but with asymptomatic vagal CAN, 
exercise capacity (greatest tolerable work load 
and maximal oxygen uptake), heart rate, blood 
pressure, cardiac stroke volume, and hepatos- 
planchnic vascular resistance are dimin- 
i ~ h e d . ' ~ ' , ' ~ ~  A further decrease in exercise 
capacity and blood pressure is seen in patients 
with both vagal CAN and orthostatic hypoten- 
sion.113,133 The seventy of CAN correlates 
inversely with the increase in heart rate at any 
time during e~erc ise"~~ '~ '  and with the maxima1 
increase in heart rate.'32 

Furthermore, a reduced mean ejection 
fraction determined using radionuclide ventric- 
ulography at rest and with maximal exercise 
and diminished cardiac output during exercise 
were found in patients with CAN without 
evidence of ischaemic heart d i ~ e a s e . ' ~ , ' ~ ~  Thu S, 

CAN contributes to diminished exercise toler- 
ance. Therefore, autonomic testing offers a 
useful tool to identify patients with potentially 
poor exercise performance and to prevent 
problems when they are introduced to exercise 
training programmes. 

E. Relationship to Left Ventricular 
Dysfunction 

As mentioned above, CAN may be associ- 
ated with abnormalities in left ventricular 
systolic function in the absence of cardiac 
d i ~ e a s e . ' ~ , ' ~ ~  However, not only systolic dys- 
function, but particularly abnormalities in 
diastolic function have been reported in both 
type 1 and type 2 diabetic patients.13k141 
Radionuclide assessment has demonstrated 
impaired left ventricular diastolic filling, i.e., 
prolonged time to peak diastolic filling rate in 
diabetic patients with CAN who had normal 
left ventricular ejection fraction as compared 
with patients without CAN.'36 Echocardio- 
graphic studies have shown a significant 
correlation of the severity of CAN with reduced 
peak diastolic filling rate'37J40J41 and with an 
augmented atrial contribution to diastolic filling 
as assessed by Doppler echo~ardiography.'~~~ 139 

A recent study has also demonstrated an 
inverse correlation of HRV with left ventricular 
wall thickness throughout a 15-month follow- 
up of recently diagnosed type 2 diabetic 
patients, which could not be accounted for by 
age, blood pressure, body mass index, or 
the presence of cardiovascular disease.14' At 
present, it is difficult to judge whether CAN 
is an independent contributor to these abnor- 
malities, since other factors such as interstitial 
myocardial fibrosis, microangiopathic or meta- 
bolic changes that are being discussed in the 
pathogenesis of diabetic heart muscle 
d i ~ e a s e ~ * ~ - ' ~  may also be responsible for 
left ventricular dysfunction. However, drug- 
induced autonomic blockade in healthy non- 
diabetic subjects results in both systolic and 
diastolic cardiac dysfunction, further support- 
ing the concept that CAN contributes to 
alterations in left ventricular contractility and 
filling.'45 

F. Silent Myocardial Infarction and 
Ischaemia 

Cardiovascular mortality is increased in 
diabetic patients due to both an increased 
frequency of coronary artery disease and the 
unambiguously poor prognosis of myocardial 
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in far~ t ion .~ ' , '~~  There is general agreement 
that the prevalence of both symptomatic and 
asymptomatic coronary artery disease is 
increased in diabetic patients.'47 It is also 
generally assumed that CAN is responsible for 
an altered perception of myocardial ischaemia, 
painless myocardial ischaemia, and silent 
acute myocardial i n f a r c t i ~ n . ~ * ~ r ' ~ * ~ ~  However, 
this view has been criticized in a recent 
editorial'47 suggesting that no invasive study 
has hitherto shown asymptomatic coronary 
artery disease or myocardial infarction to be 
more severe in diabetic patients than in non- 
diabetic subjects and that the association of 
CAN with silent myocardial ischaemia or 
infarction is still unsubstantiated. In fact, the 
major drawback of most studies dealing with 
this topic is the lack of data on the coronary 
morphology. Moreover, it is now well estab- 
lished that in non-diabetic subjects coronary 
artery disease and myocardial infarction may 
be associated with autonomic dysfunction, 
particularly reduced HRV indicating dimin- 
ished parasympathetic activity, which is con- 
sidered an independent predictor of death and 
arrhythmic events following myocardial 
i n f a r ~ t i o n . " * ~ ~ , ~ ~  In view of the increased 
prevalence of coronary artery disease in diabetic 
patients, it is difficult to differentiate between 
the impact of coronary ischaemia and CAN on 
cardiac autonomic function. In other words, 
silent ischaemia in diabetic patients may 
result either from CAN or from autonomic 
dysfunction due to coronary artery disease 
itself or both. In type 2 diabetic patients with 
coronary artery disease, HRV during deep 
breathing was more frequently abnormal than 
in those without evidence of coronary artery 
di~ease, '~' supporting the view that the latter 
and diabetes have additive detrimental effects 
on cardiac autonomic function. This is mirrored 
in a recent study showing that reduced HRV in 
type 2 diabetic patients with acute myocardial 
infarction contributed to an increased mortality, 
in contrast to other major diabetic complications 
and glycaemic contr01.l~~ 

In the Framingham Study, the rates of 
unrecognized myocardial infarctions were 39% 
in diabetic patients and 22% in non-diabetic 
subjects, but this difference was not signifi- 
cant.149 In general, epidemiological and clinical 
data have not provided convincing evidence 
that the frequency of both silent myocardial 

infarction and silent coronary artery disease 
are increased in excess of the painful conditions 
in diabetic patients.'47 Niakan et ul.15" have 
reported higher rates of diabetic patients with 
a history of silent myocardial infarction among 
those with abnormal Valsalva ratios when 
compared with patients in whom the Valsalva 
ratio was normal. However, it is unclear 
whether the former group had CAN, since the 
latter cannot be diagnosed on the basis of a 
single autonomic reflex t e ~ t . ~ , ' ~ ~  Besides the 
aforementioned small autopsy study by Faer- 
man et (see Section 4), there have been 
no further reports relating silent myocardial 
infarction to CAN in diabetic patients. Thus, 
conclusive proof of this putative and attracting 
association has not yet been provided. 

Several clinical studies have examined the 
possible relationship between CAN and silent 
myocardial ischaemia. Ambepityia et ~ 1 . ' ~ '  have 
demonstrated prolonged anginal perceptual 
threshold, i.e., the time from onset of 0.1 mV 
ST (segment) depression to the onset of angina 
pectoris during exercise ECG, in diabetic 
patients as compared with non-diabetic sub- 
jects with exertional chest pain. This delay was 
associated with the presence of CAN,151 exercise 
capacity, and with ischaemia at peak exercise. 
However, the inverse relation between the 
seventy of ischaemia and exercise capacity 
seen in non-diabetic subjects was completely 
lost in the diabetic patients.152 In other words, 
the longer threshold permits the patient to 
continue exercising despite increasing ischae- 
mia.152 Furthermore, diabetic patients with 
prolonged anginal perceptual thresholds also 
tended to have increased somatic pain thresh- 
olds, which are associated with diminished 
autonomic f ~ n c t i o n . ' ~ ~ , ' ~ ~  Other non-invasive 
studies have also shown a relationship between 
CAN and silent i s ~ h a e m i a , ' ~ ~ , ' ~ ~  but a few 
reports could not confirm this a s s o c i a t i ~ n . ~ ~ ~ ~ ' ~ ~  
O'Sullivan et ul.lS9 found a markedly higher 
prevalence of silent ischaemia during 24-h 
Holter monitoring in diabetic patients with 
CAN than in those without CAN, but the 
morphological extent of coronary artery disease 
was not known. Whether the reported inde- 
pendent association between diabetes and 
painless myocardial ischaemia during percu- 
taneous transluminal coronary angioplasty 
(PTCA)16' is attributable to CAN remains to 
be established. 
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The strength of two recent s t ~ d i e s ' ~ * J ~ '  is 
the knowledge of the coronary morphology, 
which was not different between the diabetic 
and non-diabetic patients or between patients 
with angina compared with those with silent 
ischaemia. Marchant et a1.'6* examined patients 
with exertional angina and silent exertional 
ischaemia who had similar left ventricular 
function and severity of coronary artery disease 
as assessed by coronary angiography and 
ventriculography. Patients with silent ischae- 
rnia were more frequently diabetic, and impair- 
ment in several autonomic function tests 
including standard indices and 24-h HRV was 
not seen in the non-diabetic patients in the 
silent group but was confined to the diabetic 
patients with silent ischaemia. Hikita et a1.'% 
have demonstrated reduced 24-h HRV in 
diabetic patients with silent exertional ischae- 
mia as compared with non-diabetic groups 
with silent or painful ischaemia. Both studies 
suggest a pathogenetic role of CAN in silent 
ischaemia in diabetic subjects. 

G. Perioperative Instability 

Perioperative cardiovascular morbidity and 
mortality are believed to be 2 to 3-fold increased 
in patients with diabetes.'62 Heart rate and 
blood pressure in diabetic patients undergoing 
general anaesthesia may decline to a greater 
degree during induction of anaesthesia and 
increase to a lesser degree following tracheal 
intubation and extubation as compared with 
non-diabetic  subject^.'^^,'^^. However, some 
patients may also show hypertensive reactions 
during induction of anae~thes ia . '~~  Diabetic 
patients who require intraoperative blood 
pressure support by vasopressor drugs have 
significantly greater impairment of autonomic 
function tests compared with those who do 
not need v a s o p r e s ~ o r s . ~ ~ ~  A significant relation- 
ship of the severity of CAN and the largest 
drop in blood pressure was observed during 
anaesthesia.lM Cardiovascular depression 
requiring immediate resuscitation in patients 
with CAN has also been described following 
brachial plexus Because of the 
increased risk for intraoperative cardiovascular 
lability, i t  has been suggested that preoperative 
screening of cardiac autonomic function may 

be useful in identifying those patients who are 
at risk. This would help the anaesthetist 
in planning the anaesthetic management for 
patients with CAN. 

H. Abnormal Hormonal Regulation 

The role of diabetic autonomic neuropathy 
in abnormal hormone secretion during resting 
and dynamic conditions including exercise, 
postural change, and hypoglycaemia has 
been repeatedly highlighted.1'3*114*'67'70 Sev- 
eral hormones involved in the regulation 
of vascular tone including catecholamines, 
endothelin, anti-diuretic hormone (ADH), atrial 
natriuretic factor (ANF), and the 
renin-angiotensin-aldosterone system have 
been studied in diabetic patients with CAN. 
Norepinephrine is released by the sympathetic 
postganglionic neurons primarily as a neuro- 
transmitter.'68 Plasma norepinephrine rep- 
resents the net result of release and re-uptake 
in sympathetic nerve endings and non-neuronal 
removal form the plasma,I2O while epinephrine 
is released by the adrenal medullae into 
the circulation to act as a hormone.'6s The 
vasoconstrictor peptide endothelin, synthes- 
ized by endothelium cells and hypothalamus 
neurons, is released by activation of the 
baroreceptor reflex and may contribute to the 
maintenance of postural blood pressure. l7'.l7* 
Secretion of ADH is regulated by osmotic and 
baroreceptor-mediated non-osmotic stimuli, 
and it has been emphasized that ADH release 
to tilting can be used as an index of the integrity 
of afferent cardiovascular  pathway^.'^^,'^^ The 
degree of atrial stretch constitutes the predomi- 
nant factor in the regulation of ANF, an 
endogenous peptide with potent diuretic, natri- 
uretic, and vasorelaxant properties. On the 
other hand, multiple interactions between ANF 
release and the ANS have been described. 175 

Finally, the influence of the renin- 
angiotensin-aldosterone system on vascular 
tone and sodium balance is well known.'76 

Furthermore, abnormalities in the regulation 
of gut neuroendocrine hormonal peptides such 
as pancreatic polypeptide, somatostatin, glu- 
cose-dependent insulin-releasing peptide, gas- 
trin, and motilin have been r e ~ i e w e d . ' ~ , " ~  
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i. Recumbent Position 

In resting healthy subjects, the spontaneous 
rhythmical variations in plasma norepinephrine 
(NE) reflect alterations in sympathetic nervous 
activity to resistance blood vessels.177 Based 
on the assumption that the amount of NE 
secreted into the blood is proportional to 
sympathetic nervous activity, plasma NE levels 
may be used as its i n d e ~ . " ~ , " ~  However, it 
has been suggested that in diabetic patients 
with CAN, resting plasma concentrations of 
NE may not be a sensitive measure of CAN, 
since decreased secretion of NE may be 
accompanied by diminished clearance in these 
 patient^."^ This may explain why some studies 
have shown a reduction in plasma NE during 
supine rest in patients with CAN,"2*'20*'73 
whereas in others no difference to healthy 
subjects was n ~ t e d . " ~ , ' ~ ~  

A reduction in basal plasma ADH was 
seen in patients with CAN in one 
but others have noted normal  level^.'^^,'^^ 
Plasma ANF was found to be increased in 
poorly controlled diabetic patients,lE0 but no 
difference was observed between patients with 
and without CAN.'81,'82 Basal plasma renin 
activity (PRA) tends to be normal in CAN,"0,'83 
but reduced levels have been occasionally 
r e ~ 0 r t e d . I ~ ~  Sundkvist e t  r ~ 1 . l ~ ~  have shown 
reduced aldosterone but normal PRA and 
angotensin I1 levels in diabetic patients, and 
the former finding was not related to the 
presence of CAN. 

i i .  Exercise 

Several studies have demonstrated that the 
catecholamine response to exercise is blunted 
in diabetic patients with mild CAN and tends 
to be even more reduced in those with 
postural h y p ~ t e n s i o n . " ~ ~ ' ~ ~ ~ ' ~  However, one 
report failed to show a difference in the NE 
response during exercise between patients with 
CAN and controls.'12 The renin- 
angiotensin-aldosterone response to exercise 
was blunted in diabetic patients as compared 
with controls, but no difference was observed 
between patients with and without CAN.'76 
Plasma ANF rose similarly during exercise in 

patients with and without CAN, suggesting 
that autonomic activation plays a minor role 
in ANF release to exercise.la5 

iii. Orthostatic Changes 

The NE responses to standing in CAN 
have been discussed in Section 5.B. 

Plasma ADH has been found to be su bnor- 
ma1 in diabetic subjects with CAN in response 
to postural and volume ~tirnulation,'~~~'~~*'~~ 
suggesting defective cardiovascular release of 
ADH in CAN. However, a patient with CAN 
who had excessive ADH secretion during 
standing to compensate for the fall in blood 
pressure has also been reported.la6 

The fall in plasma ANF to head-up tilt or 
the rise in plasma ANF to leg-down tilt was 
similar in diabetic patients with and without 
CAN and healthy  subject^,'^'*^^^*^^^ suggesting 
that the regulation of ANF secretion is not 
altered by autonomic neuropathy. 

Earlier studies have demonstrated a 
reduced response of PRA following upright 
posture in diabetic patients with orthostatic 
h y p ~ t e n s i o n . ' ~ ~ , ' ~ ~  However, these studies 
included patients with diabetic nephropathy 
affecting the juxtaglomerular apparatus, which 
could be responsible for the blunted renin 
response rather than CAN. Indeed, in sub- 
sequent reports including only patients with 
normal renal function, the PRA responses to 
standing were not 

Plasma endothelin during active orthostatic 
manoeuvres was decreased in type 2 diabetic 
patients with CAN compared with those 
without CAN and non-diabetic subjects. 172 

iv. Hypoglycaernia 

Previous studies have suggested that 
reduced adrenergic response to hypoglycaemia 
is a feature associated with autonomic 
neuropathy,lss-lW but this view has been 
strongly d isp~ted . '~~" '~  Three hypoglycaemia- 
associated syndromes, i.e., defective glucose 
counter-regulation, hypoglycaemia unaware- 
ness, and elevated glycaemic thresholds for 
and activation of counter-regulatory systems 
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during effective intensive insulin therapy, have 
been proposed as a clinical entity termed 
hypoglycaemia-associated autonomic failure 
(HAAF) in type 1 diabetic patients.'69 Five 
arguments why HAAF appears to be distinct 
from classical autonomic neuropathy have been 
put forward: (1) the two disorders occur 
in different (2) the defective 
autonomic responses in HAAF seem to be 
specific for the stimulus of hypoglycaemia, 
whereas reduced autonomic responses may be 

epinephrine responses to hypoglycaemia are 
substantially decreased in HAAF,17' but much 
less, if at all, in CAN;'69 (4) in sharp contrast 
to HAAF, CAN does not cause excessive 
iatrogenic hypogly~aemia;"~, '~~ and (5) HAAF 
may be r e~e r s ib l e , ' ~~  whereas CAN is not.168 

However, only recently have other investi- 
gators disagreed with the suggestion that pre- 
existing autonomic neuropathy has no effect on 
the adrenergic response to hyp~glycaemia. '~~ 
Indeed, non-diabetic patients with idiopathic 
autonomic neuropathy may show blunted 
epinephrine responses to hyp~glycaemia. '~~ 
Since these patients never experienced spon- 
taneous episodes of hypoglycaemia or hyperin- 
sulinaemia, this finding provides evidence that 
autonomic neuropathy may lead to defective 
adrenergic counter-regulation. It has also been 
argued that most studies which disputed 
the relationship between blunted adrenergic 
responses to hypoglycaemia and autonomic 
neuropathy have used inadequate or divergent 
criteria for diagnosing the latter. Furthermore, 
the explanation why abnormal HRV is not 
related to defective counter-regulation could 
be that this index does not test the specific 
central and autonomic pathways that mediate 
counter-regulation. In contrast to subclinical 
CAN, i.e., reduced HRV, clinically overt CAN 
with postural hypotension generally affects the 
adrenergic responses to hypoglycaem- 

Thus, Hoeldtke and B ~ d e n , ' ~ ~  in contrast 
to C ~ y e r , ' ~ ~  attribute defective glucose 
counter-regulation to clinical CAN in those few 
cases that experience orthostatic hypotension, 
while in the remainder it is due to either 
decreased central recognition of hypoglycaemia 
or to an entity termed selective autonomic 
neuropathy, which impairs adrenergic counter- 
regulation but spares cardiovascular reflexes. 

induced by multiple stimuli in CAN;'13,'88 (3) 

ia,lh7.189,190 

Unawareness of hypoglycaemia in type 1 
diabetic patients has been traditionally 
ascribed to autonomic n e u r ~ p a t h y . ~ , ' ~ ~  How- 
ever, this view has been challenged by recent 
studies that failed to demonstrate a clear 
relationship between both  condition^.^^^^'^^^'^^ 
Hepburn et ~ 1 . ' ~ ~  have shown that hypoglycae- 
mia unawareness is associated with a long 
duration of diabetes and an increased incidence 
of severe hypoglycaemia, but not with abnormal 
cardiovascular reflex tests. Furthermore, they 
failed to demonstrate any differences in auto- 
nomic and neuroglycopenic symptom scores 
during hypoglycaemia between type 1 diabetic 
patients with and without symptomatic auto- 
nomic n e ~ r o p a t h y , ' ~ ~  suggesting that the latter 
is not the main factor contributing to hypoglyca- 
emia unawareness. Ryder et al.'"' found no 
evidence of autonomic neuropathy in 12 pati- 
ents with a history of hypoglycaemia 
unawareness and, conversely, no history of 
hypoglycaemia unawareness in seven patients 
with evidence of autonomic neuropathy. 

Finally, it is widely assumed that p- 
adrenergic agonists may induce hypoglycaemia 
unawareness in type 1 diabetic patients,196 but 
this issue is also contr~versial . '~~ Non-selective 
P-adrenergic blockade with propranolol in type 
1 diabetic patients does not cause absolute 
hypoglycaemia unawareness, but shifts the 
glycaemic thresholds for symptoms to lower 
plasma glucose 1e~el .s . '~~ Since the effects of 
cardioselective P-blocking agents on hypoglyca- 
emic symptoms and blood glucose recovery 
rate seem to be less p r o n o ~ n c e d , ' ~ ~  they 
should be given preference over non-selective 
compounds. 

6. DIAGNOSTIC ASSESSMENT 

A. General Aspects 

Since diabetic neuropathy is associated 
with considerable morbidity and increased 
mortality, early detection of this complication 
is essential, aiming at prevention of advanced 
symptomatic stages. In contrast to the possi- 
bility of direct assessment of peripheral nerve 
function, the ANS is usually examined 
indirectly using cardiovascular reflex tests that 
examine a reflex arc involving a stimulus, a 
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receptor, an afferent nerve, and an end-organ 
r e ~ p o n s e . ~  Other components of the ANS 
include synapses and various neurotransmitters 
at each synaptic cleft. Becaues of the dual 
innervation of many organs, it should be 
remembered that the result of ANS testing 
may mirror a decrease in parasympathetic or 
an increase in sympathetic activity and vice 
versa.3 

Since the clinical symptoms of CAN may 
be ambiguous and since subclinical stages 
elude clinical examination, the employment of 
reliable, specific, and sensitive methods is 
postulated. Besides these criteria, it has been 
proposed that autonomic testing should be 
non-invasive, simple, easy to perform, related 
to known physiological function, and suitable 
for longitudinal e ~ a l u a t i o n . ~ , ' ~ ~  Ideal testing 
conditions have been p r o p o ~ e d , ~ , ' ~ ~  but during 
routine clinical assessment these cannot be 
completely fulfilled. It should be borne in mind 
that general factors which may result in a lack 
of standardization including eating, drinking 
coffee, smoking, body position, volume status, 
mental stress, drugs, exercise, and time of 
day.',"' 

It  is generally accepted that the diagnosis 
of CAN should be based on the results of a 
battery of autonomic tests rather than one 
single The consensus statement 
of the San Antonio conference on diabetic 
neuropathy held in 1988 recommended the 
battery of five cardiovascular reflex tests' 
proposed by Ewing and Clarke6 for diagnosing 
CAN. However, this suggestion has received 
substantial criticism, because these tests refer 
to only one normal range regardless of age, 
which may result in diagnostic errors.zo@zoz 
Moreover, one of the indices included was 
inadequately defined,lo4 and another test has 
turned out to be insensitive in diabetic pati- 
e n t ~ . ~ ~ ~  In the proceedings of a subsequent 
consensus development conference held in 
1992, only three indices of cardiovascular 
autonomic function were recommended for 
monitoring ANS a ~ t i v i t y . ~  Furthermore, one 
group has suggested a battery of four tests 
based on O'Brien et to be used in the 
ordinary clinical situation?" but another group 
has stated that there is no indication for routine 
testing in clinical practice.z01 To make the 
situation even more puzzling, a diagnostic 
step-by-step model has been r e~ommended . '~~  

Consequently, a real need for standardization 
of cardiovascular reflex tests has been emphas- 
ized.201 

B. Conventional Tests 

During the past quarter of the century, 
numerous noninvasive cardiovascular reflex 
tests for computer-assisted assessment of 
abnormalities in HRV and blood pressure 
regulation have been described (Tables 
I I - - I V ) . ~ O ~ Z ~ ~  so me of these tests have been 
shown to be inversely related to the instan- 
taneous heart rate, and therefore, if these 
indices are used, elevated heart rates due to 
reasons other than CAN may result in diagnos- 
tic Mo reover, only a few tests have 
been validated, involve relatively known reflex 
arcs, are widely used and frequently quoted 
in the literature, and recommended by the 
aforementioned consensus development con- 
ferences. They include measurement of HRV 
during deep breathing including vector analy- 
sis,2*' maximum-minimum 30:15 ratio,216 Val- 
salva and postural changes in blood 
pressurezz4 (see Figure 1). The physiological 
and pathophysiological bases of these indices 
have been reviewed previously.6~'99-20'~z21~zzy 
Physiologically, it is not useful to classify these 
indices as sympathetic or parasympathetic, 
as has been proposed by the San Antonio 
conference,z because either changes in heart 
rate or changes in blood pressure may reflect 
more or less activity of both systems. 

i. Heart Rate Variation During Deep 
Breathing 

The subject resting in a supine position is 
instructed to breathe deeply at a frequency of 
6 cycleslmin, which has been shown to produce 
maximal HRV in healthy persons.z3o The inspi- 
ration and expiration intervals are 6 s and 4 s, 
respectively. This breathing rhythm can be 
achieved using a bar graph displayed on a 
screen moving up (inspiration) and down 
(expiration) triggered by a computer. We have 
recently demonstrated that among the indices 
listed in Table 11, the mean circular resultant 
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Table 11. Conventional Indices Employed to Assess Heart Rate Variation during Deep Breathing 

Method 

Related 
Coefficient of to heart Influenced 

variatioqi, (%) CID rate by ectopic beats 

Max-min heart rateZo6 
Standard deviation207 
Coefficient of variationzoE 
MSSD2"9 
E -1 difference2" 
Ell  ratio2" 
Mean circular resultanPl2 

19120244,245 No Yes 
171 1 7244,245 Yes Yes 

18/261°4 No Yes 
27134'" Yes Yes 
19/33'04 Yes Yes 
19l32lo4 Slightly Yes 
30122'" No Minimally 

CID: controlldiabetic; (i) intra-individual; MSSD: mean square successive difference; E: expiration; 
I: inspiration. 

Table 111. Conventional Tests Employed to Assess Heart Rate Changes 

Method 

Coefficient of Inversely 
variatioqi, (%) related to heart Widely 

C/D rate used 

Standard deviation at resP3 
Coefficient of variation at rest208 
RMSSD at rest214 
Runs test at rest215 
Maximum/minimum 30: 15 ratio216 
Valsalva ratio2" 
Standing to lying218 
Cough test219 
Mental stress test22o 
Apnoeic face immersion221 
Lower body, negative pressure2" 
Acceleration and brake index222 
Squatting test223 

26134244,245 
27l26lo4 
46139'" 

n.e. 
32/60'" 
76/651" 

n.e. 

31h1 .e .~~~  
n.e. 
n.e. 
n.e. 

7 h 1 . e . ~ ~ ~  

4.3 k 1.6111.e.~'~ 

Yes 
Slightly 

Yes 
n.e. 

Slightly 
No 
n.e. 
n.e. 
No 
n.e. 
n.e. 
n.e. 
n.e. 

No 
Yes 
No 
No 
Yes 
Yes 
No 
No 
No 
No 
No  
No 
No 

CID: ControUdiabetic; (i): intra-individual; RMSSD: root mean square successive difference; n.e.: not 
evaluated. 

Table IV. Conventional Tests Employed to Assess Blood Pressure Responses 

Coefficient of 
variatioqi, (%) Related 

Method CID to age 

Active postural testingz4 7.217.2 (SDi)IM No 
Passive tiltingu5 n.e. n.e. 
Sustained handgrip226 46/37'" No 
Cold pressor testz7 n.e. Slightly 
Squatting test228 4.5 2 1.5/n.e.228 n.e. 
Postural plasma n~repinephr ine"~  5.3/n.e.'15 No 

Widely 
used 

Yes 
No 
No 
No 
No 
Yes 

C/D: controlldiabetic; (i): intra-individual; BP: blood pressure; n.e.: not evaluated; SD,: intra- 
individual standard deviation. 
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Maximumlminimum 30:15 ratio I 

B 

1 1 

and characterization of cardiovascular 
au'ionomic dysfunctioi (after ref. 203): heart rate variation at rest (standard analysis: 
coefficient of variation; spectral analysis) and during deep breathing (mean circular 
resultant), maximum-minimum 30: 15 ratio, Valsalva ratio, and postural change in 
blood pressure. (A) Healthy subject; (8) diabetic patient with cardiovascular autonomic 
neuropathy. 

(MCR) which is computed by vector analysis 
is the most appropriate one, because it is most 
sensitive, not dependent on the instantaneous 
heart rate,'04s203 and resistant to non-respiratory 
sources of variation such as premature beats 
or slow trends in heart rate over time.'99 
Briefly, this method evaluates R-R intervals as 
time events that can be plotted on a time axis. 
If the latter is coiled around a unit circle which 
has the periodicity of one breath cycle and the 
procedure is repeated for the subsequent cycles 
in the same way, the resulting distribution of 
the points on the circle can be determined by 
vector analysis. The length of the vector mean 
is proportional to the degree of HRV. A uniform 
distribution of the points on the circle indicates 

diminished HRV, while a clustering of the 
points towards one region of the circle indicates 
normal HRV.'99,212 

ii. Lying to Standing MaximumlMinimum 
30:15 Ratio 

Prior to the test, the subject is resting in 
a supine position while the ECG is recorded. 
The subject is then asked to stand up quickly. 
At the time the subject starts to stand up, the 
test is started. We have recently shown that 
there is no justification for the use of the 
original exact 30:15 ratio,' because this index 
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cannot correctly measure the expected reflex 
response.'04 Therefore, we use the maximum/ 
minimum 30:15 ratio defined as the longest 
R-R interval of beats 2 0 4 0  divided by the 
shortest R-R interval of beats 525.'04 

iii. Valsalva Manoeuvre 

The sitting subject is asked to blow into a 
mouthpiece which is connected to a modified 
manometer and to maintain a pressure of 
40 mmHg for 15 s. R-R intervals are recorded 
during the manoeuvre and for 15s following 
release. The computer controls the timing by 
optical and acoustical signals and calculates 
the ratio of the longest R-R interval following 
release to the shortest R-R interval during the 
maneouvre (Valsalva ratio).217 The complex 
physiology and pathophysiology of the 
manoeuvre have been previously described in 
detai1.10,231 This test is suitable for a global 
assessment of cardiovascular ANS integrity, 
since a reduced Valsalva ratio may be due to 
a decreased parasympathetic, sympathetic, or 
baroreceptor function.'* Because of the potential 
risk of inducing retinal and vitreous haemor- 
rhage, this test should not be performed in 
patients with advanced diabetic retinopathy. 

iv. Blood Pressure Response to Standing 

Blood pressure is determined three times 
over 1 min in a supine position and in the 
same way over approximately 3 min after 
standing up. A fall in systolic blood pressure 
greater than 27 mmHg and in diastolic blood 
pressure greater than 14 mmHg can be defined 
as abnorma1.lo4 In contrast to the parameters 
evaluating HRV, the results of this test do not 
decline with increasing age.'04 It has been 
emphasized that a fall in diastolic rather than 
systolic blood pressure upon standing is typical 
of autonomic failure.201 By contrast, we have 
shown that an abnormal decrease in systolic 
rather than diastolic blood pressure is more 
frequent in diabetic patientsa203 

Several investigators have assessed the nor- 
mal ranges104*232-243 and reprod~cibility'~~,~~'~~~ 
of the most commonly used autonomic reflex 

tests. We have recently emphasized that the 
coefficients of variation of the day-to-day 
reproducibility reported in the literature for 
the Valsalva, E/I, and 30:15 ratios were incorrect, 
because no appropriate transformation of the 
individual results had been a~p1ied.l"~ Prior 
to the calculation of reproducibility, the three 
ratios have to be transformed by -1  in order 
to yield a log normal distribution. Because this 
has not been properly considered in previous 
studies, the reported coefficients of variation 
for these ratios were estimated falsely too 

The development of a technique based 
on servoplethysmomanometry that measures 
blood pressure in the finger on a beat-to-beat 
basis247 has expanded the diagnostic spectrum 
of blood pressure responses in diabetic patients 
with CAN. This method (FinapresTM) is increas- 
ingly becoming an integral constituent in the 
assessment of ANS f ~ n ~ t i o n . ~ ' ~ * ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  

low. 216,232,237,238 

C. Spectral Analysis 

HRV can be assessed either by calculation 
of indices based on statistical analysis of R-R 
intervals (time domain analysis) or by spectral 
analysis (frequency domain analysis) of an 
array of R-R intervals." In recent years, 
the method of spectral analysis has been 
increasingly employed to describe the individ- 
ual periodicities that constitute biological 
rhythms such as heart rate fluctuations. With 
this technique not only the amount of varia- 
bility, but also the oscillation frequency 
(number of heart rate fluctuations per second) 
can be obtained." Spectral analysis involves 
decomposing the series of sequential R-R 
intervals into a sum of sinusoidal functions of 
different amplitudes and frequencies by several 
possible mathematical approaches such as 
fast249 or discrete Fourier tran~formation~~" and 
autoregressive models.251 The result (power 
spectrum) can be displayed with the magnitude 
of variability as a function of frequency. In 
other words, the power spectrum reflects the 
amplitude of the heart rate fluctuations present 
at different oscillation frequencies." The power 
spectrum of HRV has been shown to consist 
of three major peaks: (1) a very low-frequency 
component (below 0.05 Hz) that is related to 
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fluctuations in vasomotor tone associated with 
thermoregulation; (2) a low-frequency compo- 
nent (around 0.1 Hz) that represents the so- 
called 10 s rhythm (Mayer waves) associated 
with the baroreceptor reflex; and (3) a high- 
frequency component (around 0.25 Hz) that is 
related to respiratory The very low- 
frequency heart rate fluctuations are thought 
to be mediated primarily by the sympathetic 
system, and the low-frequency fluctuations are 
predominantly under sympathetic control with 
vagal modulation, while the high-frequency 
fluctuations are under parasympathetic 

In diabetic patients with pre- 
dominantly vagal dysfunction, the high-fre- 
quency peak is reduced or absent, and in the 
presence of largely sympathetic dysfunction it 
is the low-frequency and very low-frequency 
peak (see Figure 1). The most advanced stages 
of CAN are characterized by the absence of all 
peaks. Since spectral analysis is carried out 
under resting conditions, it has the advantage 
that active co-operation of the patient is 
not required. In healthy subjects, there is a 
pronounced, significant decline in spectral 
power in each of the three frequency bands 
with increasing age (Figure 2). 

It has been shown that spectral analysis 
of HRV in the supine or standing postures 

may provide a useful tool for the detection of 
autonomic dysfunction in diabetic 
patients.251r257-267 Furthermore, the technique 
of cross-correlation, a mathematical function 
using spectral analysis to describe the relation- 
ship between heart rate fluctuations and respir- 
ation, has been i n t r o d u ~ e d . ~ ~ ~ , ~ ~ ~  The sensitivity 
to atropine and the reproducibility for this test 
were higher than for the conventional indices 
of HRV during deep breathing.269 However, 
there have been only a few reports that have 
assessed the normal ranges and reproducibility 
in sufficiently large groups of healthy per- 
s o n ~ ~ ~ ~ * ~ ~ ~  to render these methods feasible for 
use in clinical practice. 

We have validated the ProSciCardTM com- 
puter system (MediSyst, Linden, Germany), 
which meets all requirements for a reliable 
measurement of R-R intervals including vector 
and spectral analyses for the diagnosis and 
characterization of CAN.104*203 We demon- 
strated that a combination of autonomic func- 
tion tests based on standard, spectral, and 
vector analyses is relatively more sensitive in 
detecting CAN when compared with the 
commonly used test battery proposed by Ewing 
and Clarke.6,203 The age-related normal ranges 
of the seven indices included in this battery 
which have been selected along specific criteria 

FREQUENCY IHz) 

Figure 2. Three-dimensional illustration of the decline in spectral power of heart rate 
variation in the relevant range between 0.01 and 0.50Hz with increasing age in 
healthy subjects. 
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(different physiological basis, independence of 
heart rate, and relatively high sensitivity and 
reproducibility) have been reported. lo4 We 
suggested that definite CAN be defined as the 
presence of 23 abnormalities among these 
seven parameters (specificity: 100%). Borderline 
or incipient CAN is assumed when 22 abnor- 
mal findings are present (specificity: 98%).'04*203 
Typical examples of normal and abnormal 
results of the tests included in this battery are 
illustrated in Figure 1. 

Measurement of the diastolic blood press- 
ure response to sustained handgrip as sug- 
gested by Ewing and Clarke6 is not advocated 
by other investigators, since the proposed 
normal range of greater than 10mmHg could 
not be reproduced, but lower borderline values 
have been r e p ~ r t e d . ' ~ ~ * ~ ~ ~  Thus, besides a 
relatively low reproducibility of this test,lM its 
sensitivity is also p ~ ~ r . ~ ~ ~ , ~ ~ ~  

D. Twenty-Four Hour Beat-to-Beat Heart 
Rate and Blood Pressure Control 

Evidence has accumulated indicating a 
circadian variation in the frequency of acute 
cardiovascular events, with an increased inci- 
dence in the early morning Neural 
activities represent typical examples of circad- 
ian rhythms, i.e., the day-night cycle, and it 
is well known that circulatory changes follow 
a similar circadian cycle.273,274 This highlights 
the importance of continuous 24-h monitoring 
of heart rate and blood pressure changes in 
studying the neural control of circulation in 
healthy and diabetic subjects. Previous studies 
in diabetic patients have suggested that assess- 
ment of 24-h HRV based on time domain 
analysis is more sensitive in detecting CAN 
than standard autonomic reflex 
However, either relatively small numbers of 
patients were i n ~ l u d e d , 2 ~ - ~ ~ ~  or, as mentioned 
above, the conventional testing procedures 
employed276 have received substantial 
criticism.2wz02 Hence, whether 24-h monitor- 
ing of HRV might be superior to the widely 
used bedside reflex testing remains to be 
established in larger groups of patients using 
appropriate testing modalities. 

Recent studies have used 24-h assessment of 
spectral indices of R-R interval variability and/ 

or blood pressure to examine the circadian 
neural control of circulation in non-diabetic 
and diabetic subjects. Furlan et ~ 1 . ~ ~ ~  have 
demonstrated a circadian sympathovagal bal- 
ance with a pronounced reduction in sympath- 
etic activity and an increase in vagal activity 
during the night, followed by an early morning 
increase in sympathetic activity and a concomi- 
tant decrease in vagal tone, suggesting that 
sympathetic hyperactivity might trigger acute 
cardiovascular even.s in the morning. In recum- 
bent healthy men, a similar marked 24-h 
variation in sympathetic and vagal tone inde- 
pendent of changes in activity and position 
has been observed.250 In diabetic patients with 
CAN, a reduced or absent day-night rhythm 
in sympathovagal balance, as assessed by 
spectral analysis of HRV, has been observed, 
which was mainly due to a marked reduction 
in nocturnal vagal activity.28o This relative 
sympathetic preponderance was associated 
with the degree of loss in day-night rhythm 
of systolic and diastolic blood pressure.281 
Thus, it has been suggested that the relative 
predominance of noctural sympathetic activity 
combined with increased nocturnal blood 
pressure could modify the circadian pattern of 
acute cardiovascular events and thereby would 
contribute to the reported increased incidence 
of the latter during the night.281,282. 

E. Twenty-Four Hour Blood Pressure 
Monitoring 

Since the introduction of portable ambulat- 
ory 24-h blood pressure monitoring devices, 
assessment of the circadian blood pressure 
profile has become a clinical routine in various 
disorders including diabetes mellitus. In heal- 
thy non-diabetic subjects, blood pressure is 
characterized by a circadian rhythm forming a 
U-shaped curve, with the highest levels during 
the day, the lowest levels during the first half 
of the sleep period, and an increase during the 
early morning h o ~ r s . ~ ~ ~ , ~ ~ ~  In both type 1 and 
type 2 diabetic patients with CAN, attenuation 
or reversal of the usual diurnal rhythm of 
blood pressure, with a rise during the night 
and a fall in the early morning, has been 
ob~erved.~* '~~ Among diabetic patients with 
CAN who had a rise in nocturnal blood 
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pressure, a significantly higher number of fatal 
and severe non-fatal cardiovascular or renal 
events compared with those who had no such 
rise was noted within a median follow-up of 
27 indicating that the poor prognosis 
in patients with CAN might be associated with 
elevated nocturnal blood pressure. 

Hypertensive type 1 diabetic patients with 
nephropathy have a lower day-to-night ratio 
in diastolic blood pressure than those without 
nephropathy despite anti-hypertensive treat- 
ment.288 This finding has been attributed to a 
concomitant CAN in the group with nephro- 
pathy.288 The reversed circadian blood pressure 
rhythm has been shown to correlate with both 
overt nephropathy and orthostatic hypotension 
due to CAN.285 It has been suggested that 
increased sodium retention in diabetic patients 
with advanced nephropathy could contribute 
to the nocturnal rise in blood pressure.285 On 
the other hand, a reversed circadian blood 
pressure rhythm is also found in non-diabetic 
patients with autonomic failure and postural 
h y p o t e n s i ~ n . ~ ~ ~  Thus, further studies are 
needed to elucidate the role of CAN regarding 
the nocturnal rise and reversed circadian 
rhythm of blood pressure in diabetic nephro- 
pathy. 

F. QT Interval 

As already indicated in Section 2, a 
prolongation of the QT interval has been 
related to alterations in ANS activity and to 
an increased occurrence of complex ventricular 
arrhythmias and sudden death.43,44 By analogy 
with the long QT syndrome, it has been 
speculated that long QT intervals in diabetic 
patients with CAN might be associated with 
an increased risk of sudden death.36*41 Indeed, 
a number of studies have demonstrated a 
relationship between the presence or severity 
of CAN and QTc (QT corrected for heart rate) 
interval prolongation in diabetic subjects.3a2 
Reduced diurnal variation of the normalized 
QT interval during 24-h monitoring has also 
been reported in diabetic patients, which 
appeared to be related to the reported diurnal 
pattern of ventricular arrhythmias.290 A recent 
epidemiological study from Piemonte, Italy, 
has demonstrated an abnormal (>440 ms) QTc 

interval prolongation in 30.8% of diabetic 
patients with CAN compared with 23.9% in 
those without CAN and 7.6% in control 
subje~ts.~’ However, less than 50% of the 
patients with a prolonged QTc interval had 
CAN. Hence, it has been suggested that QTc 
prolongation cannot be used as a specific 
marker of CAN.42 A different prevalence of the 
long QT syndrome in type 1 diabetic patients 
and controls has been assumed as an alternative 
explanation.42 Indeed, a contiguous gene 
relationship between the long QT syndrome 
and type 1 diabetes has been recently 

but this finding has to be con- 
firmed. 

Several formulae have been proposed to 
adjust the QT interval for heart rate, the 
most commonly used being Bazett’s formula 
(QTc = QT/dR-R).292 However, this equation 
overcorrects the QT interval at fast heart rates 
and undercorrects it at low heart rates.293 
Several other equations have been 
proposed,29s296 but there is no agreement 
about the most suitable approach. Moreover, 
it has been suggested that the normal range of 
the QTc calculated from the Bazett formula is 
390-480 ms. The significance of the frequently 
employed upper limit of normal of 440 ms has 
recently been questioned and its use has no 
longer been Aside from heart 
rate, the QT interval is influenced by factors 
other than the ANS such as electrolytes and 
drugs, which have to be properly considered. 

Finally, recent studies have raised doubts 
about the significance of QT interval pro- 
longation in diabetic patients with CAN.29s297 
Bravenboer et d.’% using a formula more 
suitable than the one proposed by Bazett, 
failed to demonstrate an association between 
prolonged QTc interval and the severity of 
CAN. Ong et  ~ 1 . ~ ~ ~  reported even significantly 
shorter QT and QTc intervals during 24-h heart 
rate monitoring in diabetic patients with CAN 
than in those without CAN and controls. 

In pairs of twins discordant for type 1 
diabetes, QTc interval length correlated 
between the twins, but was not related to 
autonomic function, suggesting that QTc inter- 
val may be influenced by genetic factors and 
be prolonged independently of CAN.297 Thus, 
similar to the hitherto speculative association 
of QT interval prolongation with sudden death 
(see Section 2), the relationship of prolonged 
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QT to CAN itself also remains controversial in 
diabetic patients. 

G. Cardiac Radionuclide Imaging 

The neuronal structure in the ventricular 
myocardium is primarily sympathetic nerve 
fibres. They travel in the superficial subepicard- 
ium primarily following the coronary vessels, 
and as they progress from base to apex, 
they gradually penetrate the myocardium and 
innervate the endocardium by plexus ter- 
m i n a l ~ . ~ ~ ~  By contrast, the sparse parasympa- 
thetic fibres travel along the ventricles in the 
subendocardium and subsequently penetrate 
upward to innervate the epicardium. The 
corresponding neurotransmitters are norepi- 
nephrine and acetylcholine, respectively. 
Radionuclide techniques for cardiac mapping 
have recently been used to directly quantify 
cardiac sympathetic innervation in various 
diseases including CAN.298 The non-metabol- 
ized norepinephrine analogue metaiodobenzyl- 
guanidine (MIBG) participates in norepi- 
nephrine uptake in postganglionic sympathetic 
neurons. Several studies have demonstrated 
decreased myocardial MIBG uptake in patients 
with CAN as assessed by autonomic reflex 
tests.299-303 A case of sudden death has been 
reported where the patient had CAN and a 
non-uniform marked reduction in myocardial 
MIBG retention.304 Preliminary evidence sug- 
gests that scintigraphic assessment using MIBG 
and single photon emission computed tomogra- 
phy (SPECT) is more sensitive in detecting 
CAN than indirect autonomic reflex testing, 
since MIBG uptake was reduced in patients with 
normal autonomic Furthermore, the 
norepinephrine analogue C-11 hydroxyephed- 
rine in combination with positron emission 
tomography (PET) has recently been employed 
to examine cardiac innervation.302 C-11 hydrox- 
yephedrine retention was related to the severity 
of CAN and was lower in distal than in 
proximal myocardial segments. Thus, scinti- 
graphic mapping may provide a unique tool 
to gain new information on the pathophysiol- 
ogy of sympathetic CAN in the human heart. 
Additional studies using tracers of parasympa- 
thetic cardiac neurons will allow a more 

complete, direct quantitative characterization 
of CAN in the near future.302 

7. CLINICAL CORRELATES 

A. Physiological Factors 

i. Age 

A number of studies have demonstrated 
that indices of HRV assessed by both conven- 
tional and spectral analysis methods decline 
significantly with increasing age.10,104~232-243~30s 
One study has claimed that measures of 
sympathetic nervous activity increase with 
age:% but others have demonstrated either no 
association or a diminution with increasing 
age.104,115 

ii. Gender 

In the Pittsburgh Epidemiology of Diabetes 
Complications Study, reduced R-R variation 
was related to female gender,307 but in the 
Diabetes Control and Complications Trial no 
such association was noted.308 

iii. Heart Rate 

See Table 2. 

iv. Respiratory Rate 

Maximum HRV has been obtained at mean 
breathing rates of about 6 breathdmin in 
healthy subjects and between 4 and 4.5 breaths/ 
min in diabetic patients with CAN. A decrease 
in HRV has been found at higher or lower 
respiratory rates, respectively.230 
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21. Weight 

In non-diabetic subjects, a reduction in 
parasympathetic and sympathetic activity has 
been reported in association with increasing 
percentages of body fat.309 A 10% weight gain 
was associated with a significant decrease in 
parasympathetic activity accompanied by an 
increase in heart rate.310 It has been suggested 
that this effect may represent one possible 
mechanism for the arrhythmias and other 
cardiac alterations that accompany obesity.310 
In both type 1 and type 2 diabetic patients, a 
significant relationship between the body mass 
index and the presence of CAN has been 
reported .308,31 

ui. Body Position 

be observed in both non-diabetic and diabetic 
women during pregnancy. This reversible 
diminution in HRV is thought to reflect a 
physiological phenomenon rather than to 
denote CAN.313 In a retrospective study, preg- 
nancy did not appear to represent a risk factor 
for a deterioration of ANS function and 
development of CAN in diabetic women,314 
but autonomic symptoms such as orthostatic 
hypotension may deteriorate during preg- 
n a n ~ y . ~ , ~  Airaksinen et aL316 have shown 
an association between maternal autonomic 
dysfunction and an increased frequency of 
overall pregnancy complications, which was 
independent of high initial HbA, levels, long 
duration of diabetes, and nephropathy. 

B. Pathophysiological Correlates 

i. Duration of Diabetes 
Both sitting and standing have been shown 

to reduce the standard deviation of R-R 
intervals in diabetic patients.'07 Spectral analy- 
sis assessment in healthy subjects during duration of diabetes.203,305,308,317 
standing revealed that high-frequency HRV is 
reduced, indicating decreased vagal activity, 
whereas low- and very low-frequency HRV are 
augmented, indicating increased sympathetic 
activity when compared with the supine pos- 

Many studies have shown a or less 
pronounced association of CAN with increasing 

ii. Peripheral Somatic Neuropathy 

ition. lo4 

uii. Blood Pressure 

In hypertensive diabetic patients, a higher 
prevalence of abnormal cardiovascular auto- 
nomic tests than in those without hypertension 
has been 0bserved,2~O suggesting that hyperten- 
sion may represent a confounding factor of 
autonomic dysfunction in diabetes. 

An association exists between the presence 
or severity of peripheral somatic neuropathy 
and the occurrence of CAN.317-320 The preva- 
lence of CAN rises significantly with increasing 
stage of somatic n e ~ r o p a t h y . ~ ' ~  Preliminary 
evidence suggested that diminished HRV 
assessed by vector analysis might be used 
to predict the development of symptomatic 
somatic neuropathy,JZ1 but this has to be 
confirmed in a long-term prospective study. 

iii. Peripheral Vasomotor Abnormalities 

uiii. Pregnancy Abnormal blood flow regulation, partly as 
a consequence of sympathetic neuropathy, is 

The pregnancy-induced increase in heart thought to be implicated in the pathogenesis 
rate is blunted in diabetic women, reflecting of diabetic neuropathic ulceration.322 Reduced 
impaired adaptation of the cardiovascular ANS blood flow variability and blunted vasoconstric- 
to pregnancy.312 Furthermore, a reversible tor responses indicating peripheral autonomic 
reduction in HRV during deep respiration may ne~ropathy323,~'~ have recently been shown to 
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be associated with the development of foot underlying this close association are unclear, 
ulcers.323 Furthermore, peripheral arterioven- but it has been speculated that autonomic 
ous and impaired thermoregulation neuropathy could lead to abnormal retinal 
to external cooling have been reported in blood flow regulation that would contribute to 
diabetic patients with CAN.326 retinal ischaemia and capillary  alteration^.^^' 

iv. Medial Arterial Calcification viii. Nephropathy 

Long-term sympathetic denervation leads 
to structural changes in arterial smooth muscle 
and is believed to be responsible for medial 
arterial calcification (Monckeberg’s sclerosis) in 
diabetic patients with CAN.I4 

The presence of CAN is clearly related to 
the severity of diabetic n e p h r ~ p a t h y . ~ ~ ~ , ~ ~ ~  In 
diabetic patients with CAN, nocturnal urine 
volume and both albumin and sodium excretion 
rates were elevated as compared with those 
without CAN,333 suggesting that CAN might 
be implicated in disturbances of renal function. 
In a recent prospective study over 1&11 
years, CAN has been shown to predict future 
deterioration in glomerular filtration rate in type 

It has been suggested that a raised periph- 1 diabetic patients.334 It has been hypothesized 
era1 blood flow, vasolidation, and arteriovenous that nocturnal increment in intraglomerular 
shunting, which appear to result from sympath- pressure could be one possible link between 
etic denervation, might be responsible for CAN and the observed deterioration in glom- 
abnormal venous pooling and cause the oede- erular filtration rate.334 

v .  Peripheral Oedema 

ma.13,14 

ix. Cardiovascular Risk Factors 
vi. Reduced Muscle Sympathetic Nerve 
Activity IMSNA) 

Hoffman et al.327 have interpreted a reduced 
number of bursts of MSNA as an early 
manifestation of autonomic neuropathy that 
precedes CAN as detected by autonomic reflex 
testing.327 However, this view has been dis- 
puted by Fagius,328 who does not consider the 
low number of bursts of MSNA to represent a 
reliable indicator of autonomic neuropathy. 

A population-based study from Helsinki 
recently reported an independent inverse 
association of the root-mean-square R-R differ- 
ence with low-density lipoprotein (LDL) choles- 
terol and of the total R-R interval spectral power 
with both LDL cholesterol and smoking.335 

x.  Glycaemic Control 

See Section 9A. 

vii. Retinopathy 

Several studies have shown a close corre- 
C. Effects of Drugs 

lation of CAN with retinopathy in both type 
1 and type 2 diabetic This The effects of various groups of drugs on 
finding is in line with that of a recent study HRV have recently been reviewed.” The 
showing a strong relationship between the introduction of spectral analysis resulted in a 
development of early-onset proliferative retino- series of studies that examined the effects of 
pathy and the presence of CAN in patients drugs used in cardiovascular disease such 
with type 1 diabetes.331 The mechanisms as a- and p-adrenergic antagonists, calcium 
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channel blockers, and angiotensin converting 
enzyme (ACE) inhibitors on parasympathetic 
and sympathetic activity in healthy subjects 
as well as hypertensive and postinfarction 

However, no systematic studies 
using spectral analysis are available in diabetic 
patients with CAN, and even in non-diabetic 
subjects the effects of most of these compounds 
on ANS are complex. Drugs that have been 
identified to exert a beneficial influence by 
increasing vagally mediated HRV or reducing 
the sympathetic influence on HRV include 
atenolol, metoprolol, diltiazem, digoxin, clonid- 
ine, and some ACE inhibitors.336340 No effects 
were noted with nifedipine and amiodarone, 
whereas treatment with class IC anti-arrhythmic 
drugs such as flecainide or propafenone 
resulted in a decrease in HRV.-l It is conceiv- 
able that the increased mortality associated 
with these drugs is due to their adverse 
influence on the ANS.-' 

8. EPIDEMIOLOGY 

Although the impact of autonomic neuro- 
pathy is increasingly recognized, only little 
information exists as to its frequency in 
representative diabetic populations. The diffi- 
culties encountered in epidemiological studies 
of diabetic neuropathy'" particularly apply to 
the evaluation of autonomic dysfunction, since 
the latter involves an even greater variety of 
non-specific clinical manifestations that can be 
explored by numerous diagnostic approaches. 
Among the manifestations of diabetic auto- 
nomic neuropathy, CAN has attracted most 
attention, because it can be easily detected 
even at subclinical stages. 

A. Population-Based Studies 

To date, there have been two population- 
based studies that have assessed the prevalence 
of autonomic dysfunction in diabetic patients. 
The Oxford Community Diabetes S t u d P 2  
included 29873 adults aged 220  years, 412 of 
whom were known diabetic patients. Auto- 
nomic function was assessed in 43 type 1 and 
202 type 2 diabetic patients using the standard 

deviation of HRV at rest, the E/I ratio from a 
single deep breath, and the Valsalva ratio. The 
overall prevalence of abnormal results in 2 

one of the three tests was 20.9% in type 
1 patients and 15.8% in type 2 patients, 
respectively. Since this study did not include 
control subjects, the reported prevalence of 
autonomic dysfunction is difficult to interpret. 
The definition of one abnormality (<2.5th 
percentile of normal range) among three tests 
might yield one abnormal test result in up to 
7.5% of a control population. Hence, the 
specificity of the test battery and the prevalence 
of CAN in that study were relatively low. 

In the Pittsburgh Epidemiology of Diabetes 
Complications autonomic neuropathy 
was evaluated in 168 type 1 diabetic subjects 
aged 25-34 years, representing 71% of those 
who were eligible. Cardiovascular autonomic 
function tests included the E/I ratio and mean 
circular resultant (MCR) to deep breathing, the 
30:15 ratio to standing, and the Valsalva ratio. 
The results of the E/I ratio and MCR were 
significantly associated with the hypertension 
status, LDL- and HDL-cholesterol, and female 
gender. The prevalence of autonomic symp- 
toms, ranging from 0 to 8%, was relatively 
low, except for hypoglycaemia unawareness 
which was present in 26% of the patients. 
However, this study neither reported the 
prevalence rates of abnormal test results nor 
did it consider treatment with drugs potentially 
influencing autonomic function. 

B. Clinic-Based Studies 

We have found prevalence rates of border- 
line or definite CAN of 8.5 or 16.8% among 
unselected 647 type 1 diabetic patients and 
12.2 or 22.1% in 524 type 2 diabetic patients 
attending clinical and outpatient centres.330 
The percentage of type 1 diabetic patients with 
definite CAN was identical to the rate of 16.6% 
observed in 506 patients randomly selected 
from four hospital diabetic clinics in B r i s t 0 1 . ~ ~  
In that study, CAN was diagnosed by HRV 
responses during rest and in response to a 
single deep breath, Valsalva manoeuvre, and 
standing, and was defined by abnormal test 
results in at least two of these four tests. 
In the recently reported EURODIAB IDDM 
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Complications among the total of 
3250 patients studied, 19.3% (range between 
centres: 7.8-51.8%) had abnormal HRV and 
5.9% (0-14.5%) had postural hypotension. 

C. Studies in Newly Diagnosed Patients 

Since particularly in type 2 diabetes the 
actual onset of the disease may often be 
preceded by a long period of unrecognized 
metabolic abnormality, it appears likely that 
neural dysfunction can be detected at the time 
of diagnosis of diabetes. Two studies have 
recently reported the frequency of neuropathy 
in type 2 diabetic patients who were examined 
within 4 weeks following the diagnosis of the 
disease. Lehtinen e t  aLM5 have evaluated 132 
patients aged 4 5 6 4  years in the district of 
Kuopio University Central Hospital and 142 
controls randomly selected from the population 
registers. The frequencies of abnormal E/I ratio 
were 6.3 and 1.4’/0, respectively. A similar 
study has been performed by Ratzmann e t  
al.346 in 95 newly diagnosed type 2 diabetic 
patients who were representative for the East 
Berlin community. The prevalence of abnormal 
maximum/minimum heart rate during deep 
breathing was 7.3%. 

We have determined the prevalence of 
CAN in 120 healthy subjects and 130 newly 
diagnosed type 1 diabetic patients within 3 4 9  
days after the initiation of insulin treatment at 
stable mean blood glucose levels. The preva- 
lence of CAN defined by the strict criterion of 
at least three abnormal tests out of six was 
7.7% in the patients and 0% in the controls. 
Two abnormal tests out of six were found in 
an additional 9.2% of the patients but only in 
1.7% of the controls.347 Thus, CAN cannot be 
generally regarded as a late complication of 
diabetes, but it should be borne in mind that 
subclinical cardiovascular autonomic dysfunc- 
tion may be detected even in newly diagnosed 
type 1 diabetic patients when sensitive indices 
of spectral analysis are applied in conjunction 
with tests based on standard analysis of HRV. 

D. Natural History 

We have shown that the natural evolution 
of abnormal HRV during the first 5 years 

following diagnosis of type 1 diabetes is clearly 
related to the degree of glycaemic 
The rates of abnormalities in HRV at 5 years 
were 5% in well-controlled patients and 23% 
in those who were poorly controlled. Young et  
~ 1 . ~ ~ ~  found an increase in the rates of abnormal 
HRV from 19% to 28% within 20-35 months 
in poorly controlled teenage type 1 diabetic 
patients. Sampson e t  a1.” noted a relatively 
slow decline in HRV of about 1 beat/min per 
year, approximately three times faster than in 
healthy s~bjects,3~O over a decade in patients 
with initially normal HRV. Postural hypoten- 
sion was persistent, but did not deteriorate in 
the majority of patients.” By contrast, a 6-year 
prospective study has reported a relatively 
rapid development of postural hypotension in 
a small group of long-term diabetic patients, 
which was preceded by a decrease in E/l 
ratio.351 In type 2 diabetic patients a gradual 
deterioration was found within 5 years in 
some, but not all, autonomic reflex tests, which 
was comparable to that seen in non-diabetic 
subjects. The decline in autonomic function 
was not associated with the degree of glycaemic 

9. TREATMENT 

A. Glycaemic Control 

By 1864, Marchal de C a l ~ i ~ ~ ~  had already 
established that neurological symptoms 
reflected the consequence rather than the cause 
of diabetes mellitus, but the role of glycaemic 
control in the prevention, retardation, and 
improvement of diabetic neuropathy remains 
an important issue of ongoing 
investigation.35P358 In general, elimination of 
hyperglycaemia, which is considered the per- 
missive pathogenetic factor, is the primary 
approach of a causal treatment of any stage 
and manifestation of diabetic neuropathy. This 
goal is now widely accepted, since there 
is agreement that long-term poor glycaemic 
control increases the risk of developing diabetic 
n e ~ r o p a t h y . ~ ~ ~ , ~ ~ ~ , ~ ~ ~  
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i. Intervention 

Some but not all previous short-term 
studies have demonstrated that cardiac auto- 
nomic dysfunction which occurs during periods 
of hyperglycaemic or ketonaemic derangement 
may be beneficially influenced within a few 
days or weeks following the initiation of 
effective insulin treatment.36’-?-363 These rapidly 
reversible autonomic changes should be differ- 
entiated from chronic persistent alterations. 
Long-term trials in type 1 diabetic patients for 
periods of 2-5 years addressing the question 
as to whether chronic cardiovascular autonomic 
dysfunction may be retarded or ameliorated 
by near-normal glycaemic control have yielded 
controversial results. Some of these studies 
could demonstrate favourable  effect^,^^,^^^ 
whereas others have shown no 
While Jakobsen e t  ul.364 reported an improve- 
ment in HRV, Lauritzen e t  ul.367 did not observe 
any changes in HRV in type 1 diabetic patients 
treated with continuous subcutaneous insulin 
infusion (CSII) for 2 years. Reichard et  ul.365 
have shown a decrease in HRV in diabetic 
patients treated with intensified conventional 
therapy (ICT) for 5 years, but conventionally 
treated, poorly controlled patients experienced 
a significantly greater reduction. We could find 
only a transient improvement in HRV after 1 
year in patients who achieved near-normogly- 
caemia as compared with those who were 
poorly controlled during intensified insulin 
treatment with either ICT or CSII for 4 
years.368 Furthermore, autonomic function tests 
remained unchanged following 2 years of 
improved blood glucose control by means of 
conventional insulin treatment.366 Thus, it 
cannot be derived from previous studies 
whether prolonged improvement of metabolic 
control may improve or retard the progression 
of autonomic dysfunction. Reasons for the 
described discrepancies and lacking effects 
could be that the differences in mean HbAl 
between the poorly controlled, conventionally 
treated patients and those treated with intensi- 
fied insulin regimens were too small to produce 
detectable differences in nerve function and 
that mean HbA, could not be restored to the 
normal range in the intensively treated groups. 
Moreover, a different severity of CAN could 
also account for the differences in outcome of 
the aforementioned studies. 

The most effective method to achieve long- 
term normoglycaemia in insulin-dependent 
diabetic patients is pancreatic transplantation, 
but it remains limited to uraemic subjects in 
combination with renal replacement. Other 
clinical indications, including autonomic 
neuropathy, have been questioned.369 In mostly 
non-uraemic patients with diabetic neuropathy 
who received a pancreas transplant, normogly- 
caemia maintained over 42 months was 
required to observe non-significant trends in 
favour of the transplanted group as compared 
with poorly controlled patients who awaited a 
graft or had a graft Likewise, in an 
earlier follow-up for an average of 26 months 
no significant effect of pancreas-kidney trans- 
plantation on autonomic dysfunction was 
noted.371 A recent study of initially uraemic 
diabetic patients demonstrated a similar degree 
of minor improvement in diminished HRV 
only after 4 years in a normoglycaemic group 
after combined pancreatic and renal transplan- 
tation as compared with a poorly controlled 
group after sole kidney t ran~planta t ion .~~~ This 
finding may be interpreted as a long-term 
effect of the elimination of uraemia. Since in 
these studies sensorimotor dysfunction 
improved significantly within 2-4 years, i t  is 
conceivable that severe CAN is less susceptible 
to improvement during long-term (near-) norm- 
oglycaemia than peripheral somatic neuro- 
pathy. Thus, even periods of (near-) normogly- 
caemia for up to about 2-4 years may be 
too short to beneficially influence chronic 
autonomic neuropathic alterations evolving 
over many years, but stabilization in terms of 
delay in progression seems possible. 

ii. Prevention 

In the Diabetes Control and Complications 
Trial (DCCT), after 5 years of follow-up, 7.9% 
of the patients who received conventional 
insulin therapy compared with only 4.3% of 
those who received intensive insulin therapy 
developed abnormalities among three para- 
m e t e r ~ ? ~ ~  i.e. R-R variation, Valsalva 
manoeuvre, and postural testing.236 The differ- 
ence was statistically significant, and although 
neuropathy was evaluated only as a secondary 
end-point in the DCCT,356 this finding suggests 
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that long-term near-normoglycaemia may delay 
the onset of CAN in type 1 diabetes. We have 
previously demonstrated that near-normoglyca- 
emia during the first 5 years after diagnosis of 
type 1 diabetes may prevent abnormalities 
in HRV, whereas poor glycaemic control is 
associated with a significant diminution in 
HRV, which may be observed already within 
2 years.348 In newly diagnosed obese type 2 
diabetic women who were randomized to 
intensive dietary and physical exercise treat- 
ment for 15 months, the E/I ratio increased 
significantly as compared with those allocated 
to standard treatment provided by community 
health centres.373 This improvement was not 
related to a reduction in body weight, suggest- 
ing that good glycaemic control per se may 
prevent CAN in type 2 diabetes. Thus, near- 
normal glycaemic control seems to be most 
effective in terms of prevention during the 
early course of both type 1 and type 2 diabetes. 
By contrast, advanced stages of CAN are 
associated with chronic neuropathological 
changes which may be relatively resistant even 
to long-term normoglycaemia in some cases. 
Whether these patients have exceeded the 
hypothetical point of no return still remains 
speculative. 

B. Therapeutic Approaches Based on 
Pathogenetic Concepts of Neuropathy 

As mentioned before, an increasing num- 
ber of experimental studies have revealed a 
variety of findings that are of importance in 
the pathogenesis of diabetic neuropathy (see 
Section 3). From the clinical viewpoint, it is 
important to note that the various experimental 
concepts could be translated into therapeutic 
approaches in human diabetic neuropathy, 
some of which are being tested in clinical trials 
in patients with CAN. 

i. Aldose Reductuse Inhibitors 

Hyperglycaemia leads to an increased 
activity of aldose reductase, the key enzyme 
in the polyol pathway, resulting in the accumu- 
lation of sorbitol and fructose in tissues whose 

glucose uptake is independent of insulin such 
as the peripheral n e r ~ e . ~ " ~ ~  Since the chronic 
diabetic complications develop in these tissues, 
the inhibition of the increased flux through 
the polyol pathway offers a potential basis 
for a therapeutic and preventive strategy in 
diabetic neuropathies. 

Possible therapeutic effects of aldose 
reductase inhibitors (ARIs) have been exten- 
sively studied, particularly in diabetic patients 
with symptomatic symmetric distal neuro- 
pathy.55,374 In some of these trials autonomic 
testing was included, but CAN was not 
the primary inclusion Only a 
limited number of trials are available that 
include patients who have been selected on 
the basis of cardiovascular autonomic 
d y s f u n c t i ~ n . ~ ~ , ~ ~ * ~ ~ ~  A survey of published 
controlled clinical trials using ARIs for a 
minimum duration of treatment of 3 months, 
in which ANS function was assessed, is shown 
in Table V. Among the authors who employed 
sorbinil, only Fagius e t  ul.376 reported a signifi- 
cant improvement in HRV during deep breath- 
ing, whereas the other four studies could not 
show any favourable effects. Two uncontrolled 
1-year studies have also been published, one 
of which showed no effect of sorbinil on HRV 
during deep while in the other 
an increase in resting and maximal cardiac 
output indicating improved cardiac perform- 
ance was but this finding must 
remain obscure in view of the uncontrolled 
nature of this study. Moreover, treatment with 
sorbinil, a spirohydantoin, was associated with 
severe hypersensitivity reactions including 
toxic epidermal necrolysis and Stevens-Johnson 
syndrome,388 and the clinical trials with this 
ARI had to be discontinued. Obvious reasons 
for the entirely negative results of the studies 
which were conducted using p ~ n a l r e s t a t ~ ~ ~ ~ ~ ~  
were the relatively low doses and, as a 
consequence, a weak penetration of the subst- 
ance into the nerve. On the other hand, 
Giugliano et ul.385 recently reported improve- 
ment in HRV during deep breathing (ED ratio), 
lying-to-standing 30:15 ratio, and postural 
change in blood pressure in patients with 
asymptomatic CAN after treatment with tolres- 
tat for 1 year. However, due to the definition 
of autonomic dysfunction by the presence of 
one or more abnormal test results, it is possible 
that some of the patients included in that study 
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Table V. Long-Term ( 2 3  months) Controlled Studies with Aldose Reductase Inhibitors in Cardiac 
Autonomic Dysfunction 

Drug Reference 
Duration 

n (months) Inclusion criteria Result 
~~ ~ 

Sorbinil Lewin et al., 19&4375 
Fagius et al., 1985376 
Martyn et al., 1987377 

Guy et al., 1988378 
O'Hare et al., 1988379 

Ponalrestat Gill et al., 1990- 
Ziegler et al., 199131 
Krentz et al., 1%2382 
Faes et al., 1993383 

Boland et al., 1993384 

Tolrestat Giugliano et at., 1993385 

13 
55 
22 
39 
31 

30 
60 
50 
34 
31 

45 

4 
6 
6 
12 
12 

4 
12 
12 
6 
3 

12 

Symptomatic PN 
Symptomatic PN 

Abnormal NCV/AFT 
Symptomatic PN 
Symptomatic PN 

Symptomatic PN/AN 
Symptomatic PN 
Symptomatic PN 
Abnormal AFT 
Abnormal AFT 

Abnormal AFT 

Negative 
Positive 
Negative 
Negative 
Negative 

Negative 
Negative 
Negative 
Negative 
Negative 

Positive 
- 

PN: peripheral neuropathy; AFT: autonomic function tests; AN: autonomic neuropathy; NCV: nerve 
conduction velocity 

actually did not have autonomic dysfunction. 
Further studies using tolrestat are needed to 
confirm the findings of this study. Altogether, 
ARI treatment has so far been disappointing, 
but in view of the lessons from the aforemen- 
tioned studies in transplanted patients, longer- 
term treatment periods are obviously needed 
to obtain conclusive information on the thera- 
peutic value of these drugs in CAN. It is also 
conceivable that they are more effective in 
terms of prevention rather than intervention.381 
This view has prompted the initiation of long- 
term preventive studies which are under way. 

ii. Vasodilators and Antioxidants 

Several experimental and clinical studies 
suggest that microvascular factors leading to 
endoneurial hypoxia are implicated in the 
pathogenesis of diabetic n e ~ r o p a t h y . ~ , ~ ~ , ~ ~  A 
number of investigations have demonstrated 
that several classes of vasodilators such as al- 
adrenoreceptor agonists, angiotensin con- 
verting enzyme (ACE) inhibitors, calcium chan- 
nel blockers, and vasomodulator prostanoids 
may prevent or reverse the nerve conduction 
deficits associated with experimental diabetic 
n e ~ r o p a t h y . ~ ~  To date, there have been no 
longer-term studies that have examined the 
possible effects of these drugs in diabetic 

patients with CAN. In a controlled study a 
single-dose administration of the ACE inhibitor 
captopril in diabetic patients with abnormal 
HRV resulted in an improvement of the cold 
pressor test, but HRV was 

It has also been suggested that increased 
oxygen free radical activity (oxidative stress) 
potentially resulting in microvascular ischaemia 
may play a pathogenetic role in diabetic 
n e u r ~ p a t h y . ~ , ~ ~  Antioxidant treatment can pre- 
vent abnormal nerve conduction in experimen- 
tal diabetic n e ~ r o p a t h y . ~ ~  No studies with 
antioxidants in CAN are available, but the 
results of an ongoing controlled multicentre 
trial in Germany which is examining the effects 
of the antioxidant a-lipoic acid on reduced 
HRV in diabetic patients remain to be seen. 

i i i .  Gamma-Linolenic Acid 

Disturbances in the metabolism of n-6 
essential fatty acids including a deficit of 
gamma-linolenic acid (GLA) are believed to 
induce a variety of microvascular and haemo- 
rheological abnormalities that may lead to 
reduced nerve blood flow and endoneurial 
h y p o ~ i a . ~ ~ , ~ ~  The administration of GLA pre- 
vents and reverses the experimentally induced 
slowing in nerve c o n d ~ c t i o n . ~ ~ , ~ ~ , ~ *  Further- 
more, treatment with GLA can improve human 
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peripheral somatic n e ~ r o p a t h y . ~ ~ ~ , ~ ~ '  In a con- 
trolled study for 1 year, we found no effect of 
GLA on a variety of autonomic nerve function 
indices in diabetic patients with peripheral 
n e ~ r o p a t h y . ~ ~ ~  Several studies using GLA in 
patients with CAN are currently under way. 

iv. Neurotrophic Factors 

Deficiency of nerve growth factor (NGF) 
and/or other neurotrophic factors that promote 
neuronal integrity and growth has been demon- 
strated in human and experimental diabetic 
ne~ropathy,~' ,"~ but as yet relatively little is 
known about the pathogenetic role of these 
factors. Endogenous levels of NGF are reduced 
in superior cervical sympathetic ganglia, and 
the retrograde transport of NGF is decreased in 
the superior mesenteric ganglia in experimental 
d i a b e t e ~ . ~ ' , ~ ~  The ACTHk9 analogue ORG 2766, 
which exerts a general neurotrophic effect on 
damaged peripheral nerves, may prevent nerve 
conduction deficits in diabetic rats.393 However, 
a recent 1 year study in diabetic patients with 
peripheral somatic neuropathy showed no 
effect of this melanocortin peptide on cardio- 
vascular autonomic function.394 

Gangliosides, a chemical family of plasma 
membrane-located complex glyco-sphingolip- 
ids found in high concentrations in nerve 
tissue, are also known to stimulate neuronal 
sprouting and growth and to improve motor 
nerve conduction in long-term experimental 
diabetes.63*395*396 Clinical studies using mixed 
bovine gangliosides for 6 or 12 weeks in 
diabetic patients with peripheral somatic or 
cardiac autonomic neuropathy could not pro- 
vide any evidence for a favourable effect 
on cardiovascular reflex t e ~ t ~ . ~ ~ ~ , ~ ~ ~  Since the 
risk-benefit ratio for gangliosides appears to 
be unfavourable due to an increased incidence 
of the Guillain-Barre syndrome among patients 
treated with these they have been 
withdrawn from the market in some countries. 

v. Aminoguanidine 

Several lines of evidence have emphasized 
the formation of advanced glycosylation end- 

products (AGES) to be relevant in the 
pathogenesis of diabetic  complication^.^^ 
Aminoguanidine, an inhibitor of AGE forma- 
tion, has turned out to be beneficial in 
experimental diabetic neuropathy by pre- 
venting the reduction of endoneurial blood 
flow and improving sural nerve morphome- 
try,60*63*65 but currently no treatment experience 
exists in diabetic patients with CAN. 

C. Symptomatic Treatment 

At present, the therapeutic strategies that 
are available in clinical routine are limited 
to symptomatic treatment of CAN. Resting 
tachycardia usually does not require drug 
treatment, but in severe cases low-dose car- 
dioselective p-adrenoceptor blocking agents 
may be tried. 

In a considerable number of diabetic 
patients, postural hypotension remains 
asymptomatic and does not require any treat- 
ment. On the other hand, in severe cases it is 
the most disabling symptom of autonomic 
neuropathy. Drug treatment of symptomatic 
postural hypotension in diabetic patients with 
CAN can be difficult, because it has to be 
thoroughly balanced between the goal of 
increasing blood pressure on standing and the 
avoidance of a marked increase in supine blood 
pressure. This problem is obvious, particularly 
in patients who have developed arterial hyper- 
tension due to diabetic nephropathy, since the 
latter is commonly associated with CAN.332 

The first therapeutic approach should be 
the attempt to increase the venous return to 
the heart with mechanical measures such as 
elasticized garment reaching from the metatar- 
sals to the costal margin, careful and mild 
physical exercise such as swimming, head-up 
bed position during sleeping, and sitting on 
the edge of the bed before standing up. 
However, elasticized garment is not well 
tolerated by some patients, particularly during 
periods of hot weather or in the presence of 
concurrent diabetic diarrhoea. The same applies 
to anti-gravity suits employed in the most 
severe cases.4O0 A recent study has demon- 
strated that simple physical manoeuvres includ- 
ing leg-crossing and squatting produce circulat- 
ory effects associated with an increase in 
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blood pressure and improvement of orthostatic 
symptoms in patients with autonomic failure.4o1 
In the absence of contraindications, salt intake 
may be increased by 2-6 glday.', Administration 
of psychotropic and diuretic drugs which may 
result in similar symptoms should be avoided, 
and electrolyte imbalance and volume depletion 
are to be excluded. When insulin has been 
identified as a source aggravating postural 
hypotension, changing the timing of injections 
should be considered. 

The options of drug therapy are summarized 
in Table VI.402-414 The best-documented and 
probably most effective drug for the treatment of 
orthostatic hypotension is the mineralocorticoid 
hormone fludrocortisone (9-a- 
fluorohydrocortisone).402~403 This compound 
leads to an increase in systolic and diastolic blood 
pressure on standing and to an improvement of 
orthostatic symptoms. The possible mechanism 
of action has been explained not only by sodium 
retention with an increased intravasal plasma 
volume, but also by a direct constricting effect 
on partially denervated vessels and by an 
increase in the water content of the vessel wall 
leading to a reduced distensibility.402 Possible 
adverse effects include the development of supine 
hypertension, hypokalaemia, congestive cardiac 
failure, and peripheral oedema. The initial dose 

should be 0.1 mg and thereafter individual 
adjustment for control of postural symptoms, 
supine hypertension, dyspnoea, and peripheral 
oedema should be attempted.403 The average 
daily dose is usually 0.2 mg (0.1-0.3 mg). 

In case of contraindications to fludrocorti- 
sone, intolerable side-effects, or lacking efficacy, 
alternatively the a,-adrenergic agonist midod- 
rine can be a d m i n i ~ t e r e d . ~ ~ , ~ ~  This drug 
increases blood pressure by arteriolar constriction 
and venoconstriction of the capacitance vessels, 
leading to an increase in peripheral re~istance.~"~ 
It has been suggested that the favourable effect 
of midodrine could be due to a reduction of 
either venous pooling in the lower extremities 
or pooling in the splanchnic bed mediated by 
its direct effect on the a-adrenergic  receptor^.^^ 
The advantages of midodrine therapy are that it 
is not associated with either direct central 
nervous system or cardiac effects, is completely 
absorbed after oral administration, and has a 
relatively long half-life.404 The dosing should be 
individual for each patient (up to +I X 10 mg/ 
day), and the first dose should be taken 30 min 
to 1 hr before arising. 

Furthermore, the a,-adrenergic antagonist 
dihydroergotamine, a synthetic ergot alkaloid, 
has been used in the treatment of orthostatic 
hypotension.M6 Because of the preponderance of 

Table VI. Symptomatic Treatment of Orthostatic Hypotension 

Drug Mechanism of action Dose per day 

F l u d r o c o r t i s ~ n e ~ ~ ~ ~ ~ ~ ~  Increase of blood vessel fluid content 0.1-0.3 mg p.0. 
Enhancement of the number of a-receptors 

Constriction of arterioles and capacitance 
vessels (a-adrenergic agonist) 

Constricting effect on capacitance vessels (a- 
adrenergic blocker) 

M i d ~ d r i n e ~ ~ , ~ ' ~  3 x 2.5-10 mg p.0. 

Di hydr~ergotamine~~  2 x 5 mg p.0. 

Erythr~po ie t in~~~  Increase of red-cell mass 

Controversial/ques tionable: 

3 x 50 IU/kg per week S.C. 

O c t r e ~ t i d e ~ ' , ~ ~  Splanchnic vasoconstrictor action; increase of 0.2-0.4 pg/kg S.C. 

P i n d o l 0 1 ~ ~ ~ ~ ~  P-Adrenergic antagonist with intrinsic 3 x 5 mg p.0. 

Meto~lopramide~~~ Dopaminergic antagonist; peripheral 3 x 10mg p.0 

Diltiazem414 2 x 15-30 mg 

cardiac output 

sympathomimetic activity (ISA) 

vasoconstriction 
Reduction of heart rate in tachycardiac postural 
hypotension 
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a,-receptors in the venous bed compared with 
the arterial vascular bed, the administration of 
this drug results in an increase in the venous 
tone, a reduction in compliance of capacitance 
vessels, and augmentation of venous blood 
return from the periphery. A single daily 
subcutaneous injection of dihydroergotamine 
1 h before breakfast was associated with an 
improvement in postural hypotension, and con- 
comitant intake of 250 mg caffeine prevented 
postprandial hypotension."j Oral administration 
may be associated with an attenuated effect due 
to a reduced bioavailability. Potential adverse 
reactions include coronary and peripheral arterial 
vasospasm, elevation of supine blood pressure, 
and ergotism. The safety and efficacy of long- 
term treatment with dihydroergotamine have 
not yet been established. Thus, the risk-benefit 
ratio has to be carefully weighed in the individual 
patient. 

Some patients with CAN may have a 
decreased red-cell mass which might aggravate 
orthostatic hypotension by compromising effec- 
tive circulating blood volume.407 Subcutaneous 
administration of erythropoietin for 4-10 weeks 
in addition to fludrocortisone increased the red- 
cell volume and haematocrit in diabetic patients 
with a deficit in red-cell mass and postural 
hypotension. This was paralleled by an increase 
in systolic and diastolic blood pressure on 
standing and an improvement in orthostatic 
dizziness.407 Thus, erythropoietin may be useful 
in patients with documented deficit in red-cell 
volume who do not respond to fludrocortisone, 
but possible long-term adverse effects are not 
yet known. 

A recent study in type 2 diabetic patients 
with orthostatic hypotension associated with 
tachycardia has demonstrated a reduction in 
both heart rate and postural blood pressure 
decrease following treatment with diltiazem (30 
or 60mg/day) for 1-3 but this 
observation should be confirmed in a controlled 
study. 

Subcutaneous administration of the somato- 
statin analogue octreotide leads to an improve- 
ment of orthostatic and postprandial hypoten- 
sion,408 which is due to an increase in splanchnic 
vascular resistance and cardiac output.- How- 
ever, in diabetic patients with concomitant 
gastroparesis abdominal cramps and nausea have 
been observed, and long-term effects and safety 
are unknown. Hence, at present, octreotide 

cannot be generally recommended for treatment 
of orthostatic hypotension in diabetic patients. 

Some authors have advocated pindolol, a p- 
adrenergic blocking agent with intrinsic sympa- 
thomimetic activity (ISA), in the treatment 
of both hypoadrenergic and hyperadrenergic 
postural hypotension in d i abe te~ .~ l~*~ l '  Stimu- 
lation of P-adrenoceptors by ISA in the presence 
of low receptor occupancy combined with dener- 
vation hypersensitivity and prevention of p2- 
adrenoceptor-mediated vasodilation with an 
increase in peripheral vascular resistance have 
been discussed as putative mechanisms by which 
pindolol may exert a favourable e f f e ~ t . ~ " , ~ ~ ~  
However, a recent study failed to confirm that 
pindolol is a valuable agent in mild diabetic 
orthostatic hyp~tension.~ '~ Hence, further studies 
are needed to define the therapeutic role of 
pindolol in this condition. 

In patients with orthostatic hypotension 
of non-diabetic origin (parkinsonism, multiple 
system atrophy), the prostaglandin synthesis 
inhibitor indomethacin has shown beneficial 
effects,l but no experience based on adequate 
studies exists in diabetic patients. This is also 
valid for dopaminergic antagonists such as 
rnet~clopramide,~~~ which also cannot be gener- 
ally advocated in the treatment of diabetic 
postural hypotension. 

Altogether the current therapeutic options 
for CAN in diabetic patients are unsatisfactory. 
The most important measure in terms of a causal 
therapy should always be the attempt to achieve 
the best possible degree of glycaemic control. 
The prospects of any treatment depend on the 
severity of CAN, and success can be expected 
particularly in terms of prevention and during 
early asymptomatic stages of the complication. 
Therapeutic approaches that have been translated 
from the experimental studies elucidating the 
pathogenesis of diabetic neuropathy as yet have 
not been conclusive in diabetic patients with 
CAN. The efficacy of symptomatic treatment 
has been adequately substantiated for only a 
few drugs; is limited for others, particularly in 
patients with advanced disease; and significant 
adverse reactions are frequent. Therefore, 
before any symptomatic treatment is initiated, 
its potential risk should be thoroughly weighed 
against its possible benefit. 
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