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Autonomic neuropathy, although not rare, is one of the
most insidious complications of diabetes mellitus, especially
in those patients with long-standing and poorly controlled
disease. A lot of attention has been given to the cardio-
vascular aspect of autonomic dysfunction, which has been
implicated in increased mortality, especially in view of recent
reports regarding the association of very tight glycaemic
control with increased mortality, which could be attributed
to hypoglycemia-induced arrhythmias.

However, cardiac autonomic neuropathy is only one of
the many facets of this complication, which leaves virtually
no organ system unaffected. In this special issue of the
journal, we have invited authors to submit reviews and
research articles regarding autonomic neuropathy in patients
with diabetes and obesity, since this last condition is also
associated with autonomic dysfunction, due to concomitant
insulin resistance. The issue includes papers on cardiac
autonomic neuropathy, sudomotor dysfunction, skin blood
perfusion, insulin secretion, and exocrine pancreatic insuffi-
ciency.

In an extensive and elaborate review, Dr. C. Voulgari
et al. examine the application of a simple, inexpensive, yet
extremely useful tool, the electrocardiogram, in assessing
diabetic patients with possible cardiac autonomic neuropa-
thy and screening them for cardiovascular disease.

In the following research papers, H.-W. Huang et al.
investigate the applicability of using frequency domain
analysis on laser Doppler flowmetry data in the study of
carpal tunnel syndrome and diabetic polyneuropathy, while

N. Papanas et al. examine the association between serum uric
acid levels and sudomotor dysfunction in patients with type 2
diabetes mellitus and find it to be positive, a fact which leads
them to speculation on the potential role of serum uric acid
in sudomotor dysfunction.

Returning to cardiac autonomic function, Dr. S. Liatis et
al. demonstrate that in young patients with type 1 diabetes,
even in the absence of macrovascular and renal complica-
tions, large arterial stiffness can be present and diagnosed
with pulse wave velocity analysis, and, furthermore, cardiac
parasympathetic function, as assessed by the classic tests
proposed by Ewing and Clarke, is strongly associated with
this condition, thus highlighting the importance of cardiac
autonomic dysfunction in predicting cardiovascular disease
risk, even in the absence of overt diabetic complications.

Apart from diabetes, obesity, a condition which predis-
poses to diabetes and is characterized by insulin resistance,
has been proposed to be associated with impaired autonomic
function. This is addressed in the research paper by Dr.
A. E. Andreazzi et al., in which prediabetic obese rats
are demonstrated to have low sympathoadrenal activity,
which, according to the authors, contributes to glucose
intolerance and hyperinsulinemia during an intravenous
glucose tolerance test.

Finally, Drs. P. D. Hardt and N. Ewald present an elegant
review on exocrine pancreatic insufficiency, in which they
address its increased frequency in type 1 and 2 diabetes
and discuss whether it is a complication of the disease or
a concomitant condition to underlying pancreatic diseases
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which also lead to diabetes, and the possible role of diabetic
neuropathy in its manifestation, after carefully guiding the
reader through the relevant literature.

The present special issue should by no means be con-
sidered a comprehensive “primer” on all the facets of
autonomic neuropathy, and this was never its original aim.
The purpose was to present the reader with an update on
as many as possible of the aspects of autonomic dysfunction
in diabetes and obesity, and in these terms, we consider it
to have achieved its goal. We believe that both the research
papers, as well as the review articles contained herein are
of high quality and address key issues in the presentation
and diagnosis of this condition. We hope that this issue will
underscore the importance of autonomic dysfunction as a
condition that is not at all rare, but is often overlooked by
clinicians both in terms of diagnosis as well as treatment and
that it will also serve as a reminder of the need for further
research in this field.

Nicholas L. Katsilambros
Andrew J. Boulton

Nicholas Tentolouris
Alexander Kokkinos

Stavros Liatis
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The importance of diabetes in the epidemiology of cardiovascular diseases cannot be overemphasized. About one third of acute
myocardial infarction patients have diabetes, and its prevalence is steadily increasing. The decrease in cardiac mortality in people
with diabetes is lagging behind that of the general population. Cardiovascular disease is a broad term which includes any condition
causing pathological changes in blood vessels, cardiac muscle or valves, and cardiac rhythm. The ECG offers a quick, noninvasive
clinical and research screen for the early detection of cardiovascular disease in diabetes. In this paper, the clinical and research
value of the ECG is readdressed in diabetes and in the presence of cardiac autonomic neuropathy.

1. Introduction

T he importance of diabetes, both type 1 and type 2, in the

epidemiology of cardiovascular diseases cannot be overem-
phasized. About one third of acute myocardial infarction
patients have diabetes, the prevalence of which is steadily
increasing [1]. The decrease in cardiovascular mortality in
people with diabetes is lagging behind compared to that of
the general population [2]. Cardiovascular disease is a broad
term which includes any condition causing pathological
changes in blood vessels, cardiac muscle or valves, and
cardiac rhythm. Diabetic cardiomyopathy, although a part
of the diabetic atherosclerosis process, is a distinct clinical
entity and may be independent of the coexistence of ischemic
heart disease, arterial hypertension, or other macrovascular
complications [3]. Its pathological substrate is characterized
by the presence of myocardial damage, disturbance of the
management of the metabolic cardiovascular load, and
cardiac autonomic neuropathy (CAN) [4]. These alterations
make the diabetic heart susceptible to ischemia and less able
to revive from an ischemic attack.

To philosophers, the question about which came first,
the chicken or the egg evoked the questions of how life and

the universe in general began [5]. Translating this causality
dilemma in the language of “cardiovascular diabetology,”
from one hand, diabetes is considered an equivalent to
coronary heart disease, and from the other hand, coronary
heart disease accounts for 65% to 80% of deaths in patients
with diabetes [6]. However, the merits of screening clinically
asymptomatic patients with diabetes for either the presence
of coronary atherosclerosis or silent myocardial ischemia
remain controversial [7]. Some observers advocate for the
application of noninvasive screening testing only among
patients with diabetes in whom the diagnosis of coronary
heart disease is highly probable due to the presence of
significant clinical coronary heart disease risk factors [8].
Thus, noninvasive screening testing will probably serve in
the identification of patients with diabetes and serious
coronary obstruction, in which coronary revascularization
and optimum medical therapy may be considered in order to
achieve the avoidance of a fatal cardiac event. Nevertheless,
another physician observational group sustains the efficacy
of cardiovascular testing in clinically asymptomatic people
with diabetes, exactly because of either the presence of atypi-
cal symptoms or the absence of symptoms often encountered
in the presence of a pathophysiological substrate equal to
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coronary heart disease, which, compared to the general
population, differentiates significantly the medical approach
in patients with diabetes [9].

Over the past decades, the 12-lead classic ECG has main-
tained its special significance for the diagnosis and triage of
patients with suspected coronary heart disease and has been
widespread utilized both in the diagnostic and the researcher
quest as a detection and screening tool of myocardial injury.
In the present paper, we aimed to summarize the ECG
signs and patterns in terms of their relevance firstly to the
clinician to help with the everyday diagnosis, screening, and
timely decision making, but also secondly in terms of their
application in the future and ongoing research. For this
purpose, the medical literature on ECG manifestations of
diabetes and cardiac autonomic neuropathy was systemati-
cally searched. We used the PubMed and Embase databases
up to January 2011 using the following keywords: “diabetes,”
“cardiomyopathy,” “cardiac autonomic neuropathy,” “neu-
ropathy,” “autonomic dysfunction,” “electrocardiography,”
“vectorcardiography,” “QT interval,” “spatial QRS-T angle,”
“pattern,” “signs,” “markers,” “diagnosis,” and “treatment”
alone and in combination to retrieve available literature data.
All types of articles (randomized controlled trials, original
studies, review articles, case reports) in humans and animals
published in English, German, French, and Romanian
language were included. Publications were studied in full.

2. The ECG as a Diagnostic Tool in
Diabetic Cardiomyopathy

2.1. The ECG Pattern in Early Diabetic Cardiomyopathy. In
the everyday clinical practice, the ECG offers a quick, nonin-
vasive clinical and research screen for the early detection of
cardiovascular disease. Reactive hypertrophy, intermediary
fibrosis, and structural and functional changes of the small
coronary vessels, especially in the basal area of the left
ventricle, have frequently been observed in patients with
diabetes and diabetic cardiomyopathy, even when cardiac
involvement is clinically not yet evident [10].

The preclinical phase of diabetic cardiomyopathy may be
diagnosed by demonstrating exercise-induced left ventricular
dysfunction, even when the resting cardiac function is still
adequate [11]. The early stage of diabetic cardiomyopa-
thy may already be associated with a range of metabolic
abnormalities and even with abnormalities in diastolic
function [12]. However, frequently no structural cardiac
abnormalities can be identified at this stage, and the often
subtle ECG alterations may be the only way to diagnose early
diabetic cardiomyopathy.

Resting 12-lead ECG may show alterations of P-wave
indexes (i.e. increased P-wave duration, prolongation of the
PR interval, and enlarged P-wave terminal force), indicating
besides atrioventricular conduction alterations, and arrhyth-
mia, increased accumulated pericardial fat [13], which
attributes to the progression of coronary atherosclerosis and
is an independent risk factor for stenotic coronary artery
disease [14]; increased Cornell voltage [15, 16] or Sokolow-
Lyon voltage and left ventricular strain pattern [17, 18] may
also be present indicating early left ventricular hypertrophy.

Figure 1: A 45-year-old man underwent routine blood tests
that revealed a fasting blood glucose value of 125 mg/dL and
hemoglobin A1c of 6.5%, resulting in the diagnosis of type 2
diabetes. Resting 12-lead ECG showed deep S-wave in Lead III and
R-wave in Lead aVL, indicating early left ventricular hypertrophy.
Cardiac autonomic functional testing diagnosed the presence of
cardiac autonomic neuropathy. Stress ECG demonstrated a 2-mm
depression of the ST segment. Transthoracic 2D Doppler echocar-
diography performed revealed presence of mild left ventricular (LV)
hypertrophy (LV wall mass index = 126 g/m2) and an abnormal
relaxation pattern (E/A < 1) with preserved LV systolic function
(LV ejection fraction >60%). The patient was given strict diet
restrictions; oral antidiabetic medication, b-blocker, statin and
aspirin therapy was initiated, together with lifestyle measures to
control cardiovascular risk factors. Throughout a 6-year follow-up,
his diabetes remains well controlled, and the ECG unchanged.

Figure 1 illustrates an example of the ECG pattern in early
diabetic cardiomyopathy with presence of left ventricular
hypertrophy in a patient newly diagnosed with type 2
diabetes.

2.2. The ECG Pattern in Silent Myocardial Ischemia and Its
Prognostic Value. Silent myocardial ischemia is a common,
underrecognized condition that is associated with an adverse
prognosis. It is a marker of significant underlying coronary
heart disease and, therefore, of future cardiovascular events
[19]. Silent myocardial infarction is more prevalent in
type 2 diabetes and occurs in greater than one in five
clinically asymptomatic patients with type 2 diabetes [20].
Resting ECG abnormalities, erectile dysfunction, periph-
eral vascular disease, and cardiac autonomic neuropathy
are among the main clinical markers predictive of silent
myocardial ischemia, and their presence should prompt
further investigation in clinically asymptomatic patients
with diabetes [21]. Carotid or peripheral arterial disease,
proteinuria, male gender, age > 60 years, and presence of
two or more of the following cardiovascular risk factors:
smoking, microalbuminuria, dyslipidemia, hypertension, a
family history of premature cardiac disease, and cardiac
autonomic neuropathy, have been demonstrated to be
the best current predictors of silent myocardial ischemia
and silent coronary arterial stenosis [22]. New markers,
such as adhesion molecules, Lipoprotein(a), inflammation
parameters or homocysteine, osteoprotegerin and markers
of endothelium function assessment might also be of further
help in the future [22, 23].

A recent 5-year follow-up study in patients with type
2 diabetes, aged 50–75 years, without known or suspected
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coronary heart disease, compared traditional, inflammatory
and prothrombotic emerging cardiac risk factors with pres-
ence of CAN as a predictor for silent myocardial ischemia.
Silent myocardial ischemia was diagnosed by stress testing,
and presence of CAN was the strongest predictor of ischemia
in both sexes together with male gender and duration of
diabetes. Among the ECG markers, ischemic adenosine-
induced ST-segment depression with normal perfusion was
associated with a 3-fold increased risk of silent myocardial
ischemia in women [24].

Isolated minor nonspecific ST-segment and T-wave
abnormalities, indicating increased risk for coronary heart
disease mortality and primary arrhythmic death can be
present in the resting ECG in elderly (≥70 years) patients
with diabetes [25]. Exercise microvolt T-wave alternans
identify sudden cardiac death risk and have been identified
in the ECGs of postmyocardial infarction patients with
diabetes [26]. Computerized ECG measures of repolarization
abnormality and complexity, that is, ST-segment depression
≥50 µV, QT interval corrected for heart rate (QTc) >460 ms,
and increased principal component analysis (PCA) of the
ratio of the second to first eigenvalues of the T-wave vector
(PCA ratio) can predict silent myocardial ischemia and
all-cause mortality in patients with type 2 diabetes [27].
Finally, unrecognized Q-wave myocardial infarction can be
present in patients with type 2 diabetes, hypertension, and
microvascular complications [28]. Figure 2 illustrates the
presence of silent myocardial ischemia in the ECG pattern
of a clinically asymptomatic patient with type 2 diabetes and
cardiac autonomic dysfunction.

Diabetes was recently demonstrated as the strongest
predictor of atrial fibrillation progression and patients with
diabetes and CAN frequently have asymptomatic episodes
of atrial fibrillation with silent arrhythmia progression [29].
Moreover, patients with type 2 diabetes and atrial fibrillation
may be at substantially higher risk of death of any cause
compared with those without atrial fibrillation or without
diabetes [30]. Therefore, atrial fibrillation pattern in patients
with diabetes should be regarded as a prognostic marker of
adverse outcome and prompt aggressive management of all
risk factors is required [30].

In clinically asymptomatic patients with type 2 diabetes
and a normal resting ECG, exercise testing is the first
choice for screening for silent myocardial ischemia, whereas
thallium scintigraphy with dipyridamole can be performed
if exercise testing is not possible or is inconclusive [31].
The accuracy of stress ECG is 79% compared to coronary
arteriography which is considered as the screening golden
standard [32]. By combining stress ECG with myocardial
scintigraphy, the detection of more patients with diabetes
and coronary artery stenoses can be effected and a higher
prediction of cardiovascular events (95.4%) achieved.
However, the ECG stress test has a good negative predictive
value for cardiac events (97%), it is cheaper, and should,
therefore, be proposed first [33].

Ischemia ECG-stress test pattern is among the significant
predictors of cardiac events (4-fold increased risk in abnor-
mal response), and myocardial scintigraphy has an equal pre-
dictive value, followed by presence of peripheral or carotid

Figure 2: Presence of silent myocardial ischemia in the resting
ECG of a middle-aged (50 years), clinically asymptomatic female
patient with type 2 diabetes. Mean duration of diabetes was 4
years and the patient was under oral antidiabetic medication with
an HbA1c <7%. The patient was obese (BMI > 30 kg/m2), with
central fat distribution (waist circumference > 88 cm), without a
history of hypertension, or of coronary heart disease, but with
dyslipidemia and presence of microalbuminuria. She smoked 25
packs of cigarettes/year. Cardiac autonomic functional testing
revealed increased cardiac sympathetic activity and parasympa-
thetic withdrawal.

occlusive arterial disease (10-fold increased risk) and finally
coronary stenoses (27-fold increased risk in their presence)
[34]. One recent prospective study examined the association
between exercise ECG responses and mortality in 2.854
men (mean age 50 years) with diabetes who had previously
completed a maximal treadmill exercise test and who did not
have cardiovascular disease history at baseline. During a 16-
year follow-up an abnormal and even equivocal exercise ECG
response was associated with a statistically significant 2-fold
higher risk for all-cause and cardiovascular morbidity and
mortality, independently of physical fitness and other tradi-
tional cardiac risk factors, such as hyperglycemia, smoking,
body mass index, hypercholesterolemia, hypertension, and a
family history of cardiovascular disease or diabetes. Fit men
had a higher survival rate than did unfit men [35].

The use of screening before an exercise training pro-
gram for asymptomatic patients with type 2 diabetes is
considered justifiable [36]. Several recent prospective studies
have addressed the value of screening for coronary heart
disease in clinically asymptomatic patients with diabetes
[25, 37, 38]. The overall message of these studies is that
despite detection of silent myocardial ischemia in a notable
proportion of patients with diabetes, the dynamic patho-
physiological and clinical nature of myocardial ischemia, the
prohibitive cost of screening all asymptomatic patients, and
the proven efficacy of primary preventive strategies would
finally mandate implementation of better clinical risk stratifi-
cation strategies for identifying increased at-risk individuals.
However, the best strategy that would allow proper patient
selection through logical stepwise approaches to screening
still remains to be determined. Whether that strategy would
alter patients outcome when added to rigorously implement
primary preventive measures also waits to be answered.

2.3. QT Interval as an Endpoint in Diabetes Trials and Its
Prognostic Value. From QT interval parameters, both the QT
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dispersion (calculated as the mean difference between the
QT maximum and the QT minimum interval in all ECG
leads) and the QTc maximum have been demonstrated as
independent predictors of cardiovascular mortality (for each
10-ms increment in QT dispersion, 1.5-fold increased risk
for cardiovascular mortality). Excluding patients with prior
cardiac disease did not change significantly the prognostic
performance of QT dispersion but decreased that of QTc
maximum [39]. An earlier study also found QT dispersion
to be the most important independent predictor (3-fold
increased risk) of total mortality and also an independent
predictor of cardiac and cerebrovascular mortality [40];
however, these observations were not further confirmed in
a later study.

QTc interval >460 ms has been associated with a 2-fold
increased cardiovascular and all-cause mortality risk in a 5-
year prospective population study in individuals with type 2
diabetes. ST-segment depression ≥2 mm and a PCA ratio of
the T-wave vector >32% in women and >25% in men were
also independent predictors of mortality (4-fold and 3-fold
increased risk for each ECG alteration, resp.) [41].

A significant correlation has been demonstrated between
the QT interval duration and the amount of coronary
calcium measured by coronary artery calcified plaque; this
association was mainly driven by the prolongation of the
QRS interval and not of the JT interval duration. The
association between abnormal myocardial repolarization and
coronary artery disease was found to be more significant in
men than in women with diabetes [42].

2.4. The ECG Pattern in Type 1 Diabetes and CAN: Similarities
and Differences. In type 1 diabetes, decreased parasympa-
thetic to increased sympathetic tone ratio, clinically man-
ifested by supraventricular tachycardia, and electrocardio-
graphically evidenced by the shortening of the ventricular
activation time, as well as differences in the depolarization
and the repolarization ECG-pattern, have been revealed
with increased QT and QT dispersion intervals, as well as
with the shortening of the QRS interval [43]. Recently, it
was demonstrated that during spontaneous hypoglycemia in
patients with type 1 diabetes, QTc interval can be moderately
increased [44], whereas glucose-QTc association is reported
to differ among individuals with type 1 diabetes. Moreover,
hypoglycemia unawareness was demonstrated to be the
only independent predictor of the glucose-QTc association’s
individual strength in patients with type 1 diabetes [45].

In the Europe and Diabetes (EURODIAB) study on
patients with type 1 diabetes with a normal QTc interval
at baseline, the cumulative incidence of prolonged QTc
interval after the 7-year follow-up was 19% and was 2-fold
higher in women than in men. Seven-year incidence of QTc
prolongation was associated at baseline with older age, phys-
ical inactivity, arterial hypertension, dyslipidemia (assessed
by lower high-density lipoprotein cholesterol levels), pres-
ence of peripheral neuropathy, and coronary heart disease.
Independent predictors of increased QTc-prolongation risk
were female gender, higher values of glycated hemoglobin
A1c (HbA1c), and systolic blood pressure levels, whereas

physical activity and normal body mass index were the main
protective factors [46].

In the WHO Multinational Study of Vascular Disease in
Diabetes in Switzerland, during a follow-up duration of 23
years, 523 patients with diabetes (221 with type 1 diabetes,
and 302 patients with type 2 diabetes) were studied and
the association of QTc interval with total, cardiovascular,
and ischemic heart disease mortality was evaluated. Different
results were noted among the studied patients. In subjects
with type 1 diabetes, QTc was associated with an increased
risk of all-cause mortality (hazard ratio: 1.2-fold increased
risk per 10 ms increase in QTc interval) and mortality due
to cardiovascular disease. Findings for subjects with type
2 diabetes were different: only increased heart rate and
not QTc interval was associated with total mortality, and
mortality due to cardiovascular, as well as ischemic heart
disease (hazard ratio: 1.3-fold increased risk per 10 beats
increase per min). Therefore, QTc interval was significantly
correlated with long-term mortality in subjects with type 1
diabetes, whereas it was not related with increased mortality
risk in subjects with type 2 diabetes [47]. QTc interval was
considered as a marker of cardiac autonomic dysfunction,
and this difference between the two types of diabetes was
attributed to the greater importance of CAN noted in
patients with type 1 rather than in patients with type 2
diabetes [48]. However, it may also be related to the recently
described “electromechanical window” which portrays the
temporal difference between the electrical and mechanical
events of the heart and has currently been demonstrated as
comprising a potential predictive value for the occurrence of
arrhythmias in cardiac autonomic dysfunction [49].

The EURODIAB Insulin-Dependent Diabetes Melli-
tus Complications Study (EURODIAB IDDM) investigated
3.250 patients with type 1 diabetes and average diabetes
duration of more than 30 years; the prevalence of left
ventricular hypertrophy was found to be 3 times greater
than that reported in the general population of similar age.
Moreover, the prevalence of left ventricular hypertrophy was
2-fold higher in women than in men, independent of well-
known cardiovascular risk factors, that is, arterial hyperten-
sion, obesity, and physical inactivity. The 2-fold higher risk
of left ventricular hypertrophy in women was significantly
associated with higher serum triglycerides, central obesity
(waist circumference > 88 cm), hypertension, and presence
of coronary heart disease. Moreover, prolongation of the
QTc interval was significantly associated with left ventricular
hypertrophy prevalence in both sexes; however, this was not
further validated for QT dispersion [50].

In the Losartan Intervention For Endpoint reduction
in hypertension (LIFE) study of 9.000 patients with hyper-
tension, but without diabetes, during the 5-year follow-up,
regression or persistent absence of left ventricular hypertro-
phy on the ECG pattern during antihypertensive treatment
was associated with a lower rate of new-onset diabetes
(38%). Even after adjustment for the new diabetes onset
with prior antihypertensive treatment, baseline glycemia, the
Framingham risk score, baseline and in-treatment blood
pressure levels, high-density lipoprotein cholesterol, uric
acid, and body mass index, and the decreased incidence
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of diabetes onset associated with losartan-based therapy
(26% lower risk of new diabetes onset), which occurred in
parallel with the in-treatment left ventricular hypertrophy
amelioration or absolute resolution, remained statistically
significant [51].

2.5. The Genetic Pathophysiological Substrate of the ECG in
Diabetes and CAN. Genetic variants in myocardial sodium
and potassium channel genes in previously identified candi-
date genes may be associated with the QT interval duration,
the presence of cardiovascular autonomic dysfunction, and
the increased risk of sudden cardiac death in individuals with
diabetes [52].

2.6. Vectorcardiography: New Markers in the Aid of the ECG
Diagnosis of Diabetic Cardiomyopathy. The spatial QRS-T
angle is the ECG integral of the heart’s ventricular gradient
[53], which quantifies the deviation between the directions
of the ventricular depolarization and repolarization [54].
The spatial QRS-T angle represents a global measure of
the variations of ventricular action potential durations and
morphology and, therefore, serves as a reliable and easy to
measure with modern electrocardiographs ECG marker of
arrhythmia vulnerability [55]. Due to its electrophysiological
substrate, the spatial QRS-T angle has been proven to be a
more sensitive and of higher cardiovascular predictive value
marker than the QT interval and its parameters [56, 57].

Spatial QRS-T angle values were demonstrated to be
higher (by almost 2-fold) in patients with diabetes compared
to patients without diabetes. Higher spatial QRS-T angle
values were also independently associated with glycemic con-
trol and impaired left ventricular myocardial performance
in patients with type 2 diabetes [58]. Moreover, in patients
with type 1 diabetes during hypoglycemia, where the QTc
interval or the QT dispersion remained unimpaired, the
morphology of the spatial QRS-T angle changed signifi-
cantly, indicating increased arrhythmia vulnerability. The
increase in the spatial QRS-T angle values was independent
from any changes in catecholamine levels or in the heart rate
of the patients with type 1 diabetes [59]. The prognostic
importance of the higher spatial QRS-T angle values in
subjects with diabetes, however, remains to be evaluated in
future prospective studies. Table 1 summarizes major and
recent studies addressing the clinical significance of the
ECG markers in the diagnosis of Diabetic Cardiomyopathy
and Silent Myocardial Ischemia in both type 1 and type 2
diabetes.

3. Cardiac Autonomic Neuropathy in Diabetes:
The “Queen’s Mirror” of Cardiovascular
Morbidity and Mortality

Physiological cardiovascular activities are under the control
of the cardiac autonomic nervous system. Damage to the
autonomic nerves that innervate the heart and blood vessels
results in dysfunction in heart rate control and vascular
dynamics, in other words in CAN [60]. Autonomic imbal-
ance between the sympathetic and parasympathetic nervous
systems’ regulation of cardiovascular function contributes

to metabolic abnormalities [61] and significant morbidity
and mortality for individuals with diabetes [62]. CAN
embraces exercise intolerance, intraoperative cardiovascular
liability, orthostatic tachycardia and bradycardia syndromes,
and silent myocardial ischemia [63]. All these clinical
manifestations can result in life-threatening outcomes, which
unquestionably associate the presence of CAN with the
increased risk of cardiovascular morbidity and mortality in
diabetes [64]. This is in agreement with recent published
results from the Action to Control Cardiovascular Risk in
Diabetes (ACCORD) trial, which demonstrated that the
presence of CAN at baseline is an independent contributor to
the higher cardiovascular mortality risk in both the intensive
and standard glycemic arm treatment. No differential effect
was found in subgroups defined by variables anticipated
to have an interaction, that is, age, duration of diabetes,
and previous history of cardiovascular disease [64, 65].
Furthermore, individuals with baseline CAN were 2 times
more likely to die compared with individuals without
CAN [65]. In addition, CAN in the presence of peripheral
neuropathy was the strongest predictor of cardiovascular
mortality [66].

CAN often coexists with peripheral neuropathy [60, 67,
68], and recent studies demonstrated that combining indexes
of autonomic and peripheral neurological dysfunction, is
associated with an earlier detection and probably prevention
of the cardiovascular risk and mortality in diabetes [69,
70]. Finally, recently it was demonstrated that presence of
CAN predicts development of large-fiber dysfunction, and
may account for the high mortality rate in patients with
peripheral neuropathy, emphasizing the importance of early
detection of both CAN and peripheral neuropathy to address
the cardiovascular risk in diabetes [71]. In the EURODIAB
Prospective Complications Study, peripheral and autonomic
neuropathy was among the strongest risk markers for future
total and cardiovascular mortality exceeding the effect of the
traditional risk factors, that is, age, obesity, hypertension, and
dyslidemia [72].

4. Diagnostics Tests for the Assessment of
Cardiac Autonomic Neuropathy

The Golden Standard in clinical autonomic testing remains
the cardiovascular reflex tests. These tests have good sen-
sitivity, specificity, and reproducibility and are noninva-
sive, safe, well standardized, and easily performed [87].
Exception is the Valsalva maneuver, which must not be
performed in patients with proliferative retinopathy [88].
The most widely used tests assessing cardiac parasympa-
thetic function are based on the time-domain heart rate
response to deep breathing, the Valsalva maneuver, and
postural change. Of these tests, heart rate response to deep
breathing has the greatest specificity [89, 90]. Cardiovascular
sympathetic function is assessed by measuring the blood
pressure response to orthostatic change and the Valsalva
maneuver [91, 92]. The performance of these tests should
be standardized, and the influence of confounding variables
such as medications, hydration, and antecedent activity
should be minimized. Age normative values should be used.
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Table 1: Recent and major studies of the incidence of electrocardiographic abnormalities in diabetes and their endpoint clinical significance.

Reference Population ECG marker Clinical significance Clinical points

Left ventricular hypertrophy and atherosclerosis in diabetic cardiomyopathy

[14] 996 T2D patients

↑ 1SD P-wave duration
≥40 msec
↑ 1SD PR-interval
duration ≥12 msec
↑ 1SD P-wave terminal
force

↑ Pericardial fat

No association after
adjustment with
adiposity indexes and
CVD risk factors

[15]
110 T2D patients, age
20–80 years

↑ Cornell Voltage∗

↑QRS duration
Left ventricular
hypertrophy

Ongoing trial

[16]
9.193 T2D +
hypertension

↑ Cornell and Sokolow
Lyon Voltage

Left ventricular
Hypertrophy

Hyperuricemia as a
CVD risk factor

[17] 276 T2D + hypertension
↑ Cornell and Sokolow
Lyon Voltage

Left ventricular
Hypertrophy

↓ in LVH prevalence
with candesartan

[51] 9.000 hypertensive ↑ Cornell Voltage
Left ventricular
Hypertrophy

38% ↓ risk of new
diabetes onset

[18] 886 T2D patients
↑ Cornell and
Sokolow-Lyon Voltage
left ventricular strain

Left ventricular
hypertrophy

Coexistence of
hypertension

[42] 1.123 T2D patients ↑QTc, ↑ QRS, ↑ JT
Coronary artery
calcification

men > women

Silent myocardial ischemia and cardiovascular disease risk

[26]
3.224 with diabetes,
61.9% women, mean age
72 years

minor nonspecific
ST-segment T-wave
abnormalities

↑ risk for coronary heart
disease mortality
↑ risk for primary
arrhythmic death

No association with
incident nonfatal
myocardial infarction

[27]
493 post-MI, T2D
patients

↑ T-wave alternans
≥47 microV

↑ risk of sudden cardiac
death

—

[35] 2.654 men, T2D patients
↓ ST segment ≥1 mm for
0.08 sec

16-y CVD and all-cause
mortality

Independent of other
CVD risk factors

[41] 994 T2D patients
↓ ST segment ≥50 micro
V QTc > 460 ms, PCA
ratio ≥30%

↑ CVD morbidity and
mortality ↑ all-cause
mortality

—

[28] 1.387 T2D patients Q-wave
Clinically unrecognized
MI

Coexistence of
hypertension +
nephropathy

[25] 1.123 T2D patients
Adenosine induced
ST-depression

Silent myocardial
ischemia

4-fold ↑ 5-years risk

[39] 472 T2D patients
↑QT dispersion, QTc
maximum

Prognostic marker CVD
mortality

57 months follow-up ↓
prognostic value in
patients without CVD

[40] 216 T2D patients ↑QT dispersion ↑ CVD
↑ total and
cerebrovascular
mortality

Type 1 diabetes and diabetic cardiomyopathy

[43]
22 T1D patients, mean
age 30 years

↓QRS <120 mse, QTc
≥450 ms, ↑ QT
dispersion >70 ms

↓ parasympathetic to
sympathetic tone ratio,
tachycardia, shortening
of the activation time

—

[46] 1.415 T1D patients QTc >440 msec ↑ 7-year CVD risk

↑ risk in women,
hypertension,
hyperglycemia, CAN, ↓
risk in BMI, physical
activity

[46] 3.250 T1D patients
QTc > 440 msec, QT
dispersion

3-fold ↑ risk of Left
Ventricular Hypertrophy

Association with female
sex, obesity,
hypertension, physical
inactivity
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Table 1: Continued.

Reference Population ECG marker Clinical Significance Clinical points

[47]
523 T1D and T2D
patients

↑QTc, ↑ HR 23-years total mortality
Increased Risk for T1D:
QTc; for T2D: HR

[44] 21 T1D patients ↑QTc
Marker of spontaneous
hypoglycemia

Modest increase in QTc
and misleading results in
investigations of
spontaneous
hypoglycemia

Spatial vectorcardiography in diabetic cardiomyopathy

[58] 74 T2D patients ↑ spatial QRS-T angle
Diabetic
cardiomyopathy

Association with
glycemic control,
dyslipidemia

[59] 16 T1D patients ↑ spatial QRS-T angle
Marker of hypoglycemia,
arrhythmia vulnerability

Independent from
catecholamine levels and
heart rate variability

SD: standard deviation; CVD: cardiovascular risk; LVH: left ventricular hypertrophy; MI: myocardial infarction, T2D: type 2 diabetes; T1D: type 1 diabetes;
QTc: QT interval corrected for heart rate; PCA ratio: principal component analysis (PCA) of the ratio of the second to first eigenvalues of the T-wave, HR:
heart rate.

As already mentioned, the combination of cardiovascular
autonomic tests with sudomotor function tests may allow a
more accurate diagnosis of CAN [69, 70].

Among the CAN testing for clinical trials and research,
the time-domain heart rate tests and the blood pressure
response to postural change have the necessary repro-
ducibility and have been previously used as trial end-
points, that is, in the Diabetes Control and Complications
Trial/Epidemiology of Diabetes Interventions and Compli-
cations Study (DCCT/EDIC) [93] and in other clinical trials
[94, 95]. Frequency-domain indexes obtained by applying
spectral analysis to heart rate variability of short (5–7 min)
and longer (24-h) electrocardiogram recordings [96] provide
a measure of sympathetic and parasympathetic modulation
of heart rate. Heart rate spectral power in the high-frequency
region is a measure of parasympathetic modulation, while
spectral power in the low-frequency region provides a mea-
sure of both sympathetic and parasympathetic modulation.
The low-frequency blood pressure variability may provide a
measure of sympathetic modulation. To correctly assess the
significance of the different regions, respiration should be
measured or controlled breathing performed.

The Neuropad test is a modern indicator test, which
its performance is based on the measurement of sweat
production after exposure to dermal foot perspiration, is a
valuable tool in the diagnosis of both peripheral [69] and
autonomic neuropathy in patients with diabetes [70], and
appears to be a very simple and useful indicator for screening
patients with diabetic neuropathy [97]. The high degree of
reliability and easiness of the Neuropad test suggest that
it is proper even for self-testing for the identification of
autonomic neuropathy [98].

QT interval prolongation is an independent predictor of
mortality in patients with diabetes and is associated with
CAN [62]. The pathogenesis of QT prolongation is multifac-
torial, and its correlates include female gender, nephropathy,
coronary heart disease, glycemic control, systolic blood
pressure, physical activity, and body mass index. In the

recent ACCORD trial, assessment of CAN included heart rate
(reflecting overall autonomic function and cardiorespiratory
fitness), measures of heart rate variability, and the QT
interval (reflecting mainly sympathetic function) computed
from 10-s resting electrocardiograms [64].

5. The ECG in Cardiac Autonomic Neuropathy

5.1. The ECG as an Early Marker of CAN. Early markers
of CAN in an ECG include elevated R-wave amplitude,
prolongation of QTc interval, and decreased heart rate
variability [99]. Aerobic exercise training in Zucker Diabetic
Fatty rats, a model of type 2 diabetes, although it did
not attenuate neither QT or QTc interval prolongation,
or restored decreases in heart rate variability, however, it
restored R-wave amplitude alterations and, therefore, had
a beneficial effect in regards to ECG correlates of the left
ventricular mass hypertrophy [73].

Even in healthy individuals, hyperinsulinemia-induced
hypoglycemia can prolong the QTc interval and decrease T-
wave area and amplitude. Counterregulatory norepinephrine
response correlated with QTc interval prolongation, and
epinephrine response correlated with flattening of the T-
wave. Besides ECG alterations in depolarization and repo-
larization, hyperinsulinemic hypoglycemia with consequent
sympathetic humoral activation can be associated with
alterations in atrioventricular conduction and moderate ST-
segment depression [76].

5.2. Associations between the ECG Markers, Metabolic and
Other Factors in the Presence of CAN. Among the factors
significantly associated with cardiac autonomic dysfunction
are central obesity, hypertension, smoking, hyperglycemia,
dyslipidemia, and presence of microvascular complications,
that is, retinopathy, nephropathy, and pubertal diabetes onset
in patients with type 1 diabetes. In type 2 diabetes patients,
CAN has been independently associated with central obe-
sity, hypertension, hyperglycemia, known diabetes duration,
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dyslipidemia, smoking, and presence of microvascular com-
plications, as well as with peripheral vascular disease [100].

CAN, together with diabetes duration, has been demon-
strated as the main predictor of reduced aortic distensibility
in type 2 diabetes, and, therefore, it is associated with a
significant reduction in the elastic properties of the aorta
[101]. Reduced aortic distensibility predicts cardiovascular
mortality in patients with type 2 diabetes and impaired
glucose tolerance [102].

Accordingly, QTc interval prolongation has been associ-
ated with age, gender, systolic and diastolic blood pressure,
body mass index, central obesity, smoking, the type and
the duration of diabetes, the different types of antidiabetic
medication, glycemic control, and the severity of autonomic
neuropathy. Major degrees of autonomic neuropathy were
found to be independent predictors of QTc interval in both
type 1 and type 2 diabetes [82, 103]. These findings were
recently further confirmed in a population of patients with
both type 1 and type 2 diabetes and presence of CAN,
where QTc interval prolongation was significantly associated
with older age, longer (>10 years) diabetes duration, and
the presence of peripheral neuropathy. Higher scores of
cardiac autonomic dysfunction also correlated with longer
QTc intervals in both type 1 and type 2 diabetes patients
[78].

5.3. The Pathophysiological Substrate That Possibly Elucidates
the Association of Cardiac Autonomic Neuropathy with Coro-
nary Heart Disease Events. The increased risk of coronary
heart disease events in diabetes presents an altered circadian
distribution with an absent morning peak and a higher
infarction rate during the evening hours. To elucidate the
mechanism of this phenomenon, and the pathophysiolog-
ical substrate behind increased cardiovascular risk in the
presence of CAN in patients with diabetes, several studies
addressed the circadian pattern of heart rate variability in
diabetes complicated with CAN.

The circadian pattern of indexes of parasympathetic tone
has been evaluated using 24 h heart rate variability analysis
in conjunction with the circadian changes of fibrinolytic
and hemostatic factors (plasminogen activator inhibitor 1,
factor VII, fibrinogen, and factor von Willebrand) in patients
with type 1 diabetes and presence of CAN. CAN was
associated with a loss of both the nocturnal predominance
of parasympathetic activity, due to a small but significant
increase of the sympathetic tone during nighttime, and
a prothrombotic state that persisted throughout the day
[104]. These abnormalities possibly attenuate the relative
protection from coronary events during the afternoon and
nighttime in patients with diabetes and CAN.

In patients with diabetes, but without CAN, a day-night
modulation of the QTc interval has been evidenced and
is dependent on both variations in the cardiac autonomic
tone and the concentrations of circulating catecholamines
[105]. This long-term modulation is significantly different
in subjects with diabetes in the presence of CAN, where a
circadian sympathovagal balance reverses the day-night ECG
pattern and increases nocturnal QT rate dependence [106].

Accordingly, the circadian rhythmicity of the QT interval
in patients with diabetes and varying degrees of CAN was
found to exhibit a significant day-night periodicity. QTc
interval was longer between midnight and early in the
morning, and it was shorter in the hours after waking. These
alterations were also significantly associated with the severity
of CAN [107].

Therefore, even in patients with diabetes and mild
parasympathetic denervation, QT interval heart rate depen-
dence is impaired. These changes in cardiac electrophys-
iological activity may be related to the reported diurnal
pattern of ventricular arrhythmias [107, 108]. The potential
prognostic impact of this reversed day-night pattern with
steep nocturnal QT/heart rate relation was assessed in later
studies.

5.4. The ECG Pattern in Cardiac Autonomic Neuropathy and
Diabetes, and Its Predictive Value. The association between
QT interval prolongation and the risk of dying unexpectedly
in patients with diabetes and CAN has been repeatedly
evaluated. Prolonged QTc interval has been significantly
associated with the presence of CAN and the 3-year preva-
lence of sudden cardiac death in male patients, under 60
years of age, with diabetes and varying degrees of cardiac
autonomic dysfunction. This relationship was independent
of the effect of age and diabetes duration. QTc not only was
significantly longer in the patients with diabetes who died
unexpectedly, but furthermore the changes in the QT length
during follow-up where parallel with the alterations in the
cardiac autonomic function [83].

QTc interval and QT dispersion were also determined as
independent predictors of cardiovascular mortality through-
out a 12-year follow-up period of 192 patients with type
2 diabetes. Their predictive value was superior to that of
the heart rate variation in response to deep breathing and
standing and the ankle-brachial pressure index [79].

In the MONICA/KORA Augsburg Cohort Study, during
a 9-year follow-up, reduced heart rate variability and pro-
longed QTc interval (>440 ms) were independent predictors
of a 2-fold and 3-fold increased risk of mortality, respectively,
in the general population (aged 55 up to 74 years) with
or without diabetes. However, increased QT dispersion
(>60 ms) did not predict mortality. From the heart rate
variability parameters, low heart rate variability during
spontaneous breathing tended to be associated with excess
mortality in the people with diabetes, but not in those
without diabetes [77].

In a recent case control study of 682 people with coronary
heart disease and diabetes but no history of sudden cardiac
death, prolongation of QTc interval was a significant pre-
dictor of sudden cardiac death even among individuals with
a normal or borderline QTc interval. However, idiopathic
abnormal QTc interval prolongation was associated with a
higher (5-fold) increased risk of sudden cardiac death [74].

Nevertheless, the association of high resting heart rate,
with sudden cardiac death in diabetes cannot be fully
explained by the reported association between QT interval
and heart rate with coronary heart disease or left ventricular
dysfunction, the major pathological substrates for sudden
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cardiac death. Ventricular arrhythmia is the most common
antecedent event before sudden cardiac death [109] and
earlier [110] as well as recent studies [111] examined possible
associations between resting QT interval, resting heart rate
and ventricular arrhythmogenesis.

One study investigated the presence of ventricular late
potentials derived from signal-averaged ECG in patients with
type 1 diabetes with and without CAN, without clinical
evidence of cardiovascular disease. The QTc interval was
significantly prolonged in patients with autonomic dysfunc-
tion as compared with those without CAN. Moreover, in the
group without CAN, there was no significant prolongation
of the QTc interval. Ventricular late potentials were present
in patients with diabetes and were associated with isolated
presence of peripheral neuropathy but not with the presence
of CAN [80].

However, another previous study also aimed to assess the
influence of cardiovascular complications on the occurrence
of ventricular late potentials in children with type 1 diabetes
and an average course of diabetes duration of 6.5 years. Ven-
tricular late potentials were discovered in 17% of the patients
with type 1 diabetes and were associated with the incidence
of left ventricular hypertrophy, longer duration of diabetes,
and the presence of CAN. Left ventricular hypertrophy,
diabetes duration, and cardiac autonomic dysfunction were
also the strongest independent parameters of ventricular
late potentials occurrence. The presence of cardiovascular
complication had no influence on ventricular late potential
occurrence in children with diabetes [112].

Finally, one recent study included 867 patients (age ≤60
years, 57% females and 17% with diabetes) who underwent
24 h ambulatory ECG recording (Holter) and also examined
possible associations between resting heart rate with factors
involved in ventricular arrhythmogenesis, that is, ventricu-
lar late potentials detected by signal-averaged ECG, heart
rate variability, and premature ventricular complexes. High
resting heart rate was significantly associated with positive
ventricular late potentials, depressed heart rate variability
indices, and increased prevalence of premature ventricular
complexes during the 24 h recording, independently from
demographic and clinical variables including left ventricular
ejection fraction, and history of coronary heart disease,
or presence of ST-depression in Holter analysis. Therefore,
high resting heart rate and its influence on the cardiac
electrophysiological cycle are independently associated with
ventricular arrhythmogenesis [109]. The different results
observed in this study compared with those of previ-
ous studies may be associated with the inability of the
QT interval to assess primary factors that contribute to
the ventricular repolarization (i.e., heterogeneity of action
potential morphology throughout the ventricles) in the
presence of secondary factors also contributing to the cardiac
electrophysiological cycle (i.e., heterogeneity in ventricular
depolarization instants) [113].

5.5. Factors Associated with Amelioration of the ECG Alter-
ations in Cardiac Autonomic Neuropathy and Diabetes. In
the Diabetes Control and Complications Trial/Epidemiology
of Diabetes Interventions and Complications study (DCCT/

EDIC), a prospective observational follow-up of the original
DCCT type 1 diabetes cohort, cardiovascular autonomic
measures (heart rate variation during deep breathing, Val-
salva ratio, postural blood pressure changes, and autonomic
symptoms) were repeated in 1.226 patients after 14 years of
follow-up. Although, the prevalence of CAN was increased
in both therapy groups, it was significantly lower in the
intensive therapy versus the conventional therapy group
(29% versus 35%). Heart rate variability was significantly
greater (R-R interval variation >15) in former DCCT
patients under intensive antidiabetic treatment versus former
DCCT patients in the conventional therapy arm.

Moreover, symptoms consistent with cardiac autonomic
neuropathy dysfunction in the 13th or the 14th EDIC year,
although seldom reported, were more prevalent in patients
in the conventional prior DCCT therapy compared to the
intensive DCCT therapy arm. In respect, among the most
commonly reported symptoms, decreased adrenergic aware-
ness of hypoglycemia was reported in 25% of the conven-
tional versus 20% of the intensive therapy group; male impo-
tence was determined in 23% of the prior DCCT intensive
therapy versus 30% of the intensive therapy sector. Finally,
excessive postprandial epigastric fullness had no significant
difference between the two groups. No significant treatment
group differences were found for the rest of the symptoms.

Metabolic memory was assessed for the incidence of
abnormal R-R variation, abnormal Valsalva ratio and abnor-
mal cardiac autonomic function during EDIC, in those
subjects who were free of the condition at the end of the
DCCT study. Prior DCCT intensive therapy reduced the risks
of incident cardiovascular autonomic dysfunction by 31%
and of incident abnormal heart rate variability (R-R variation
<15) by 30% in patients with type 1 diabetes in the 13th or
the 14th EDIC year.

In conclusion, the benefits of intensive therapy extend
to measures and symptoms of CAN up to 14 years after the
DCCT closeout [75].

5.6. The ECG Pattern in Autonomic Dysfunction and Its Role
in Diabetes Development in Healthy People. As previously ref-
erenced, cardiac autonomic dysfunction has been correlated
with fasting insulin and glucose, independent of clinically
diagnosed diabetes. In a general population prospective
study, people with high resting heart rate and low heart
rate variability had increased risk for future development of
type 2 diabetes. In respect, participants in the uppermost
(>73 beats per minute) versus the lowest (≤60 beats per
minute) quartile of heart rate had a 60% increased risk of
developing diabetes. Results were similar when the sample
was restricted to participants with normal fasting glucose
at baseline or when adjusted for baseline glucose levels.
Further adjustment for age, race, gender, education, alcohol
drinking, current smoking, prevalence of coronary heart dis-
ease, physical activity, and body mass index demonstrated a
sustained significant relationship between cardiac autonomic
dysfunction and development of diabetes [81].

5.7. The Alternative Choice of Vectorcardiography in Cardiac
Autonomic Neuropathy and Diabetes. Although the classical
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Table 2: Recent and major studies of the incidence of electrocardiographic abnormalities in cardiac autonomic neuropathy.

Reference Population/Animals ECG marker Clinical significance Clinical points

Classical ECG markers in CAN and diabetes

[73]
Zucker Diabetic Fatty
rats

↑ R wave amplitude,
↑ QT intervals,↓HRV

Early diagnosis of CAN,
Diabetic
Cardiomyopathy

Beneficial effect of
aerobic exercise in R
wave amplitude

[74]
682 T2D + coronary
heart disease

↑ QTc
↑ risk for sudden cardiac
death

Idiopathic QT
prolongation:5-fold ↑
risk of SCD

[75] 1.226 T1D patients ↓ QTc
↓ incidence of CAN with
intensive diabetic
treatment

14 years follow-up
endpoint

[76]
18 healthy subjects,
30–40 years

↓ PR, ↑ QTc, ↓ T-wave
amplitude, ↓ ST

Early diagnosis of CAN,
Arrhythmia

severe arrhythmias and
“dead-in-bed” syndrome
in unrecognized
hypoglycemia

[77]
1.720 T2D patients
+ healthy

QTc > 440 msec,
↓ HRV

↑mortality
↑QT dispersion not
significant predictor

[78]
100 T1D and T2D
patients

↑ QTc CAN
Association with age,
diabetes duration,
severity of CAN

[79] 192 T2D patients ↑ QTc, ↑ QT dispersion 12-y CVD risk
Superior to ABI, CAN
test for CVD risk

[80] 80 T1D patients ↑ QTc CAN
Absence of ventricular
late potentials in QTc

[81] 8.185 healthy people
↓ HRV and ↑ Heart
Rate > 73 bpm

60% ↑ risk of T2D
Independent of CVD
disease, age, gender, life
and style

[82]
105 T1D and T2D
patients

↑ QTc > 440 msec
↑ CAN severity (Ewing
score)

Association with age,
obesity, hypertension,
diabetes duration and
control, diabetic
treatment

[83] 26 males with diabetes ↑ QTc
↑ 3-year SCD risk in
CAN

Independent of age,
diabetes duration

Vectorcardiography: the alternative proposition in CAN and diabetes

[84]
5.781, age ≥ 55 years,
12.7% with diabetes

Spatial QRS-T angle ≥
75◦

4-fold ↑ risk of 4-year
CVD and SCD

3-fold ↑ risk of fatal and
nonfatal CVD events

[85] 4.173, 14% with diabetes
Spatial QRS-T angle ≥
45◦

50% ↑ risk of 7-year
incident CVD

50% ↑ risk of 7-year
total mortality

[56] 6.134, 10% with diabetes
Spatial QRS-T angle ≥
105◦

5-fold ↑ risk of CVD
death

2-fold ↑ risk of SCD and
total mortality

[86]
142 women, 32% with
diabetes

Spatial QRS-T angle ≥
49◦

1.5-fold ↑ risk of CVD
events

3-year prospective study

[3] 232 T2D patients ↑ spatial QRS-T angle
↑ incidence of CAN
↑ incidence of Diabetic
Cardiomyopathy

Association with HRV
(↓parasympathetic tone
and ↑ sympathetic tone
or sympathovagal
imbalance)

CAN: cardiac autonomic neuropathy; T2D: type 2 diabetes; T1D: type 1 diabetes; HRV: heart rate variability; QTc: QT interval corrected for heart rate; SCD:
sudden cardiac death; CVD: cardiovascular disease; ABI: ankle-brachialindex.

ECG parameters has been repeatedly used for the assessment
of repolarization abnormalities in diabetes and presence of
CAN, they have also been frequently criticized as poor indi-
cators of ventricular arrhythmogenicity [114, 115]. More-
over, not all studies reached in similar conclusions regarding

the association between prolongation of the QT interval
and presence of cardiac autonomic dysfunction [116–118].
Furthermore, calculation of the classic ECG parameters is
often time consuming, subjected to methodological errors,
and is also affected by heart rate [115].
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Figure 3: The resting vectorcardiogram of a 56-years old male
subject with type 2 diabetes and cardiac autonomic neuropathy
recorded with the help of a computer-based 12-lead ECG system
and automatically analyzed by the Modular-ECG-Analysis program
incorporated in the electrocardiograph. The amplitude of the mean
spatial T-vector (red line vector) and the amplitude of the mean
spatial QRS-vector (yellow line vector) form an angle of 52◦ (violet
line between the two spatial vectors), which defines the patient’s
spatial QRS-T angle.

As previously mentioned, the spatial QRS-T angle is a
modern ECG marker aiming to assess the overall heterogene-
ity of ventricular action potential morphology [119]. It is
obtained by vectorcardiography and can be computed on the
basis of a regular routine 12-lead ECG [55]; determination
of the spatial QRS-T angle has many advantages over the QT
interval measurement; it can be obtained easily and faster by
the newer ECGs equipment, it is not subjected to calculation
errors or affected by heart-rate, it is of low cost, and it has
been evaluated prospectively.

In the Rotterdam Study [56, 84], the spatial QRS-T angle
was an important arrhythmogenic marker for subclinical
myocardial damage. Abnormal spatial QRS-T angle values
(≥105◦) were found in 20% of the subjects with type 2
diabetes and were associated with increased risk of cardiac
mortality and sudden cardiac death. The risks associated
with a borderline spatial QRS-T angle (<75◦) were also
significantly increased for all outcomes. In the WISE Study
[86], type 2 diabetes was associated with wider spatial QRS-T
angles values (>49◦), which predicted adverse cardiovascular
events independently of the severity of coronary heart disease
in subjects with suspected myocardial ischemia. Smaller
values of spatial QRS-T angle (<49◦) were also predictive
of cardiovascular events in healthy individuals. Furthermore,
in the Cardiovascular Health Study [85], a widening of the
spatial QRS-T angle (>45◦) was associated with a higher
proportion (19%) of silent myocardial infarction in type 2
diabetes subjects free from coronary heart disease. Figure 3
illustrates the vectorcardiogram of a patient with type 2
diabetes and cardiac autonomic neuropathy in the absence
of QTc interval or QT dispersion prolongation as measured
in the patient’s resting 12-lead ECG pattern.

One recent study demonstrated that the spatial QRS-T
angle is significantly wider in subjects with type 2 diabetes

and CAN [118]. Moreover, presence and severity of CAN
were the strongest predictors of the spatial QRS-T angle
values. Heart rate variability parameters were significantly
and independently associated with the spatial QRS-T angle.
The findings of this study support that preservation of
the parasympathetic function in type 2 diabetes and CAN
is protective, while sympathetic predominance or sympa-
thovagal imbalance are harmful for the heart’s normal
electrophysiological activity and result in alterations in the
spatial QRS-T angle. Additionally, from the clinical point of
view, a wider spatial QRS-T angle in uncomplicated subjects
with type 2 diabetes may point out to the presence of CAN,
which is often underdiagnosed.

Besides the autonomic influences on the heart’s electro-
physiological activity, a wider spatial QRS-T angle reflects
damaged areas of the myocardium that distort the spread
of electrical forces through the myocardial wall [120].
Wider spatial QRS-T angle values were also significantly
and independently associated with increased left ventricular
mass and worse left ventricular myocardial performance
in the patients with type 2 diabetes. Noteworthy, heart
rate variability parameters explained almost 50% of the
spatial QRS-T angle variability, suggesting presence of a
pathophysiological ground linking the structural, functional,
and electrical myocardial disturbances in type 2 diabetes.
These disturbances were even more exacerbated by the
presence of cardiac autonomic dysfunction [118]. Table 2
summarizes major and recent studies evaluating the clinical
significance of the ECG pattern in diabetes and the presence
of Cardiac Autonomic Neuropathy.

6. Conclusion Remarks and Thoughts

Currently ongoing research has revealed that in diabetic
cardiomyopathy direct metabolic alterations of the cardiac
myocyte and impaired support of extra cardiac factors
regulating cardiac activity, such as sympathetic regulation
of heart rate and contractility, are involved in the different
alterations of the cardiac ionic currents in the heart and
the provocation of arrhythmia, mainly by the reduction
in potassium repolarizing currents [121, 122]. Cardiac
autonomic neuropathy leads to diminished noradrenaline
release in cardiac ventricle in response to different external
or internal stimulus, that is, standing, exercise or stress
[123]. Reduction of the cardiac myocyte response to acute
noradrenaline exposure and, finally, impairment of different
trophic factors responsible for the regulation of ionic channel
expression due to diabetic cardiomyopathy [124] are all
involved in the vulnerability and increased incidence of
cardiac arrhythmia of the diabetic heart.

In this era, the ECG continues to be an invaluable tool in
the initial evaluation of patients with diabetes. The plethora
of data currently available on ECG changes correlating with
diabetic cardiomyopathy and cardiac autonomic neuropathy
allows clinicians to make faster and better decisions than ever
before. Even early in the course of diabetes, ECG alterations
of the rhythm, beginning from simple sinus tachycardia and
moving on to different ECG parameters like the prolongation
of the classical QTc interval, or the QT dispersion, and the
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Resting 12-lead ECG 

Evaluation of:
Rhythm: presence of sinus tachycardia, arrhythmia

Rare: presence of silent atrial fibrillation
Length of QT interval and correction for heart rate

 Altered heart rate variability
QT interval parameters: QT maximum, QT minimum, QT dispersion

Presence of early left ventricular hypertrophy: Sokolow-Lyon/Cornell voltage
Presence of ECG atherosclerotic and metabolic atrioventricular conduction alterations: 

 prolongation of P-wave and PR-interval
P-wave amplitude and morphology alterations

Presence of JT-wave
Width of the spatial QRS-T angle 

Exercise ECG testing

Cardiac autonomic function analysis:
resting heart rate

altered heart rate variability
24 h Holter rhythm

Ewing tests: deep breathing, lying to standing, Valsalva maneuver, 
orthostatic hypotension

Baroreflex function and sensibility 
QT interval and its parameters 

Spatial QRS-T angle 

Screening for silent myocardial ischemia
Resting ECG: ST depression, Q-wave, 

T-wave abnormalities 
Stress echocardiography

Stress myocardial perfusion images

Figure 4: Proposed Cardiovascular Examination for Patients with Diabetes and Cardiac Autonomic Neuropathy.

modern wider spatial QRS-T angle deviation, ST-segment
and T-wave changes, alterations in heart rate variability, and
presence of left ventricular hypertrophy, may be observed.

ECG alterations help evaluate cardiac autonomic neu-
ropathy and detect signs of silent myocardial ischemia even
in clinically asymptomatic patients with diabetes. Prolonged
myocardial fibrosis leads to diabetic cardiomyopathy, with
peculiar ECG presentation. Electrocardiographic changes
are often present in children and adolescents with type
1 diabetes. The resting ECG, frequently complemented by
exercise ECG testing, is a major assistant in cardiac screening
of individuals with diabetes and cardiac autonomic neu-
ropathy and helps detect silent myocardial ischemia, assess
prognosis, and predict cardiovascular, cerebrovascular, and
all-cause mortality. As a closing remark extracted from the

referenced clinical and research studies, Figure 4 summarizes
a proposed cardiovascular examination for patients with
diabetes and cardiac autonomic neuropathy.
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The main purpose of this study was to investigate the applicability of frequency domain analysis on laser Doppler flowmetry
(LDF) data recorded from the index fingers of patients with carpal tunnel syndrome (CTS) and diabetic polyneuropathy (DPN).
Patients with numbness of the palm were recruited and grouped according to the results of electrophysiological examinations into
2×2 groups by the existence or nonexistence of CTS and/or DPN. Skin blood perfusion was recorded by LDF in both the neutral
position and the maximally flexed position (the Phalen test). S-transformation was utilized to decompose the recorded data into
frequency bands, and the relative band power and power dispersion were calculated. Analysis of variance was used to test the effects
of DPN, CTS, and the Phalen test results. The results showed that (1) DPN decreased the absolute power and the relative power in
some frequency bands in both positions and CTS increased the power dispersion of some frequency bands only during the Phalen
test and (2) there was no difference in the LDF results between patients with positive or negative Phalen test results.

1. Introduction

Laser Doppler flowmetry (LDF) is an established technique
to measure local cutaneous blood perfusion [1], which
is simultaneously affected by cardiac pumping, respira-
tion, control of the autonomic nervous system, and local
metabolism. Because each factor has its own characteristic
frequency, frequency domain analysis is an ideal technique
to separate these factors and investigate their changes in
different conditions [2]. When transformed to frequency
domains, in the so-called power spectral analysis (PSD),
LDF data can be decomposed into five components: 2–
0.6 Hz (heart rate related, HR), 0.6–0.15 Hz (respiration rate
related, RR), 0.15–0.06 Hz (myogenic, MUS), 0.06–0.02 Hz
(neurogenic, NEU); and <0.02 Hz (metabolism related,
MET) [3]. The frequency ranges and the physiological
origins of these components are almost identical to those in
heart rate variability (HRV) [4], except that the NEU and

MET components are usually not separated in the latter.
The differential effects on these components may be used
to investigate the pathophysiological mechanisms of diseases.
For example, while diabetes causes diabetic polyneuropathy
(DPN) by reduced blood perfusion due to microvascular
angiopathy [5], the compression of median nerves in carpal
tunnel syndrome (CTS) may impair the autonomic control
of local blood perfusion in the distal innervated area [6].

CTS, caused by the local compression of the median
nerve in the carpal tunnel, is one of the most common neu-
ropathies [7]. While the idiopathic form is more common
in women of old age and those who are overweight, it is
related to repetitive hand movements in younger populations
[8]. The patients usually complain about numbness of
the palm side of the hands, especially during repetitive
manual tasks and during sleep. On the other hand, DPN,
caused by diabetes mellitus (DM), is the most common
form of polyneuropathy [9]. DPN is a sensory predominant
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Figure 1: A hand of a subject with the custom-made apparatus to
fix the wrist in the maximally flexed position.

neuropathy and the numbness is most prominent at the tips
of toes and fingers. Even though the distribution and the
characteristics of these two disease entities are different, some
symptoms overlap and these two diseases may coexist. In
fact, diabetes increases the prevalence of CTS. The prevalence
of clinical CTS has been shown to be 2% in the reference
population, 14% in diabetic subjects without DPN, and
30% in those with DPN [10]. Routine electrophysiological
techniques, that is, nerve conduction velocity (NCV) studies,
may not be able to detect the existence of CTS in the presence
of DPN [11].

Existing data about frequency-domain analyses of LDF
signals in DM and CTS patients are scarce. The main pur-
poses of this study were firstly to investigate the applicability
of PSD on LDF data recorded from the index finger pads
of patients with CTS and DPN and secondly to evaluate
whether PSD of LDF data can assist in the diagnosis of CTS
in DPN patients. S-transformation [12, 13], a new time-
frequency analysis tool, was adopted for calculating PSD.

2. Materials and Methods

2.1. Subjects and Experimental Procedures. The candidate
subjects were recruited from the outpatient Clinics of
Neurology, Orthopedics, and Internal Medicine of National
Cheng Kung University Hospital (NCKUH). The inclusion
criterion was the complaint of insidious onset of intermittent
numbness of the palm. The exclusion criteria included
stroke, structural abnormalities or trauma of the wrist, estab-
lished cervical radiculopathy, liver and kidney dysfunction,
autoimmune diseases, polyneuropathies, or other peripheral
neuropathies with unknown etiology or known etiologies
other than diabetes. The study protocol was approved by the
NCKUH ethics committee on human subject study. Before
an experiment began, the purpose, the potential hazards,
and the experimental procedures were fully explained to the
subject. All participants signed written informed consent
forms. The subject’s age and sex were recorded, and body
weight and height were measured.

The glycosylated hemoglobin (HbA1c) percentage of the
serum was tested, and a value greater than 6.5% was used
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Figure 2: An example of original recordings. (a) Local blood
perfusion from laser Doppler flowmetry, (b) a switch signal indi-
cating the result of the Phalen test, (c) skin temperature of the index
finger pad, and (d) wrist flexion/extension angle.
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Figure 3: An example of transforming LDF results to frequency
domain. Upper panel: neutral position and lower panel: Phalen ma-
neuver. Abbreviations are explained in the text.



Experimental Diabetes Research 3

Table 1: The basic data of the recruited subjects.

EPSN DPN CTS CTS + DPN

Number of subjects 11 12 25 24

Gender (M/F) 2/9 7/5 5/20 8/16

Age (years old) (SD) 52.9± 10.9 60.7± 9.1 52.8± 8.4 60.5± 9.1

Duration of DM (year) 12.2± 10.6 13.9± 9.5

HbA1c (%) 5.7± 0.7 7.9± 1.4 6.0± 0.5 8.4± 2.0

Body weight (kg) 67.9± 11.1 61.8± 11.6 62.1± 8.1 65.1± 12.5

Body height (m) 1.61± 0.07 1.62± 0.06 1.58± 0.06 1.58± 0.08

Phalen sign (−/+/#) 8/3/0 8/3/1 18/5/2 19/3/2
#: numbness appeared before the Phalen maneuver was performed.
EPSN: normal electrophysiological study.
DPN: diabetic polyneuropathy.
CTS: carpal tunnel syndrome.

Table 2: Severity of CTS in groups with CTS.

Grade 1 2 3 4 5

CTS 7 2 10 2 4

CTS+DPN 0 3 9 4 8

DPN: diabetic polyneuropathy.
CTS: carpal tunnel syndrome.

to confirm the existence of DM. Routine nerve conduction
velocity studies, including F-wave latencies of the upper and
lower limbs, were performed to help establish the diagnosis
of carpal tunnel syndrome and polyneuropathy and exclude
cervical radiculopathy. Short-distance comparative sensory
nerve conduction studies were used to calculate the com-
bined sensory index (CSI) for diagnosing milder CTS [14].
We adopted a grading system [15] to define the existence and
severity of CTS. CTS with grades 2 to 6 could be established
by routine NCV studies. For those subjects with normal
routine NCV study results, CSI (>0.9) was used to establish
grade 1 CTS.

From the results of electrophysiological studies and
blood tests, the candidate subjects were assigned to one
of four groups by the existence of DPN and/or CTS,
that is, EPSN: DPN(−)CTS(−), DPN: DPN(+)CTS(−),
CTS: DPN(−)CTS(+), and DPN+CTS: DPN(+)CTS(+). The
subjects that could not be fit into these groups were excluded.

2.2. Experimental Setup. The subjects were placed in a
sitting position with the forearm and hand placed on a
table. An electrogoniometer (TSD130B, Biopac System Inc.,
www.biopac.com) was fixed using tape across the dorsum
of the wrist. The LDF probe (PF4001-2 Periflux Master,
Perimed, www.perimed.se) was attached to the finger pad
of the index finger. A thermometer (PF4005-2 PeriTemp
Tissue Heater, Perimed, www.perimed.se) built into the LDF
probe was used to keep the surface temperature of the finger
pad at a constant value. An apparatus, custom made from
a thermoplastic material commonly used for orthoses, was
utilized to maintain the wrist in a maximally flexed position.
Figure 1 shows a hand of a subject with the apparatus. The
hand and forearm were fastened to the apparatus with Velcro
straps. The subject was instructed to push a switch with

the other hand when the sensory symptoms appeared in
the tested hand. Four signals, including the LDF signal, the
switch state, the wrist angle, and the finger pad temperature,
were digitized and recorded on a personal computer by
a commercial analog-to-digital conversion system (MP100,
Biopac System Inc., www.biopac.com) at a sampling rate of
200 Hz/channel and with a total duration of 6 minutes. Two
sets of data were recorded: one with the wrist in the neutral
position and the other with the wrist in the maximally flexed
position. The latter position was to simulate the Phalen test
maneuver [16].

2.3. Data Processing. The LDF signals q(k) were analyzed
both in the time and the frequency domains. In the time
domain, q(k) was first downsampled by 200 to qd(k), so that
the sampling rate would become 1 Hz. The time average (Av)
was calculated as the average over the whole recording period
(360 seconds), that is,

Av = 1
360

360∑

k=1

qd[k], (1)

and the slope (Sp) or the trend was calculated as the slope
estimated from the least-square linear regression,

Sp =
⎛
⎝ 1

360

360∑

k=1

k2

⎞
⎠
−1

· 1
360

360∑

k=1

k · qd[k]. (2)

For the frequency-domain analyses, S-transformation [12,
13] was adopted,

S
[
j,n
] =

N−1∑

m=0

F[m + n] · e−2π2m2/n2 · ei2πmj/N n /= 0,

S
[
j, 0
] = 1

N

N−1∑

m=0

F[m] n = 0,

(3)

where S was the S-transformed result, N was the number of
sampled frequencies, F was the Fourier transformation of the
N-point time series q(k), j, and n indexed the time and fre-
quency axes, respectively. S-transformation was an extension
of the Fourier transformation for the time-frequency analy-
ses. In this study, the time step was 5 ms and the frequency
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Table 3: Two-way ANOVA of power ratio with wrists in the neutral position.

EPSN DPN CTS DPN+CTS PCTS
#1 PDPN

#2

QHR 0.898± 0.073 0.990± 0.066 0.903± 0.082 0.951± 0.054 .453 .027∗

QRR 0.035± 0.031 0.021± 0.030 0.032± 0.029 0.019± 0.019 .675 .045∗

QMYO 0.031± 0.026 0.014± 0.013 0.027± 0.027 0.013± 0.019 .637 .009∗

QNEU 0.027± 0.021 0.022± 0.028 0.030± 0.035 0.014± 0.016 .690 .126

QMET 0.013± 0.012 0.017± 0.028 0.013± 0.015 0.006± 0.006 .148 .636

Sp 0.010± 0.077 0.008± 0.019 0.018± 0.046 0.001± 0.037 .996 .694

Av 49.04± 27.50 31.30± 20.02 43.18± 34.22 25.85± 15.01 .578 .020∗
∗

: significant difference (P < .05) by two-way ANOVA.
#1: P value for the influence of the factor CTS.
#2: P value for the influence of the factor DPN.

Table 4: Two-way ANOVA of power ratio with wrists in the maximally flexed position.

EPSN DPN CTS DPN + CTS PCTS PDPN

QHR 0.881± 0.060 0.927± 0.059 0.900± 0.082 0.927± 0.083 .629 .058

QRR 0.042± 0.028 0.028± 0.034 0.031± 0.023 0.028± 0.040 .528 .300

QMYO 0.034± 0.020 0.018± 0.016 0.030± 0.026 0.018± 0.020 .789 .013∗

QNEU 0.036± 0.022 0.019± 0.015 0.031± 0.035 0.019± 0.024 .721 .036∗

QMET 0.013± 0.009 0.014± 0.027 0.019± 0.020 0.030± 0.065 .301 .539

Sp 0.006± 0.026 −0.003± 0.027 −0.008± 0.045 0.009± 0.048 .939 .694

Av 49.59± 24.61 31.25± 22.25 43.96± 31.59 31.65± 15.75 .676 .016∗
∗

: significant difference (P < .05) by two-way ANOVA.

step was 0.0028 Hz. The advantage of S-transformation over
short-time Fourier transformation is that, similar to wavelet
decomposition, S-transformation has better simultaneous
frequency and time resolution. The advantage over wavelet
transformation is that interpretation is easier, because the
independent variable is direct frequency without any approx-
imation. S was a two-dimensional array of complex numbers.
The mean power density over time was derived,

A
(
j
) = 1

tp

tp∑

n=1

∣∣S
[
j,n
]∣∣2, (4)

where tp = 72000. The power ratio (QC) for the frequency
band corresponding to HR, RR, MUS, NEU, and MET was
calculated as

QC =
∑

k( f r(k) ∈ BC) A(k)
∑

k( f r(k)∈ BT ) A(k)
, (5)

where C indexed one of the following bands: HR, RR,

MUS, NEU, and MET, BC was the corresponding frequency
band (0.6–2 Hz, 0.15–0.6 Hz, 0.06–0.15 Hz and 0.0095–
0.06 Hz, resp.), BT was the total power over 0.0095–2 Hz
and fr was the sampled frequency in the S-transformation.
The dispersion of power for the frequency band (DC)
corresponding to HR, RR, MUS, and NEU was estimated as

DC =
∑

k( f r(k) ∈ BP) A(k)
∑

k( f r(k) ∈ BC) A(k)
, (6)

where BP was the corresponding peak frequency band
(0.6–1.6 Hz, 0.15–0.4 Hz, 0.07–0.1 Hz, and 0.02–0.05 Hz,
resp.). All of the calculations were performed with Matlab
commercial software (www.mathworks.com).

2.4. Statistical Analyses. Two-way analysis of variance
(ANOVA) was used to test the effects of CTS and DPN on the
differences of the time-domain parameters of LDF, respective
band power ratios (QC), and band power dispersions (DC)
among the groups (ESPN, CTS, DPN, CTS+DPN). One-way
ANOVA was used to test the effects of a positive Phalen sign
on the differences of respective band power ratios among the
groups. The significance level was set as P < .05. All statistical
analyses were performed using StatView (SAS Institute Inc.,
Cary, NC, USA).

3. Results

In total, 72 subjects were included. The basic data are
summarized in Table 1. There were more females in all
groups, and the groups with DPN tended to be older. When
the subjects with numbness before the test were excluded, the
overall positive rate of the Phalen test was 20.9%. Table 2
shows the distribution of subjects with CTS according to
the severity of CTS. The subjects with DPN tended to have
higher grades (P = .01). However, there was no significant
difference of severity between the Phalen sign positive and
negative groups (P = .29), and, by the chi-square test, there
was no significant correlation between Phalen sign results
and DPN (P = .18).

Figure 2 shows an example of recordings from the Phalen
test. The first (uppermost) panel shows the LDF data, which
fluctuated around 20 au (arbitrary unit) without an obvious
trend. The second panel shows the subjective indicator of
Phalen test results. In this case, the subject pushed the switch
at around 40 seconds. The third panel shows the surface
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Table 5: Two-way ANOVA of power dispersion with wrists in the neutral position.

EPSN DPN CTS DPN + CTS PCTS PDPN

DHR 0.956± 0.048 0.958± 0.034 0.957± 0.029 0.921± 0.097 .260 .287

DRR 0.698± 0.133 0.650± 0.102 0.654± 0.111 0.618± 0.115 .192 .151

DMYO 0.458± 0.034 0.437± 0.046 0.458± 0.071 0.442± 0.069 .875 .260

DNEU 0.369± 0.129 0.434± 0.147 0.405± 0.132 0.388± 0.155 .881 .511

Table 6: Two-way ANOVA of power dispersion with wrists in the maximally flexed position.

EPSN DPN CTS DPN + CTS PCTS PDPN

DHR 0.949± 0.057 0.954± 0.036 0.958± 0.031 0.919± 0.087 .400 .279

DRR 0.746± 0.144 0.715± 0.078 0.645± 0.124 0.637± 0.112 .004∗ .517

DMYO 0.427± 0.055 0.453± 0.084 0.461± 0.064 0.470± 0.065 .133 .319

DNEU 0.529± 0.093 0.441± 0.192 0.421± 0.130 0.408± 0.126 .044∗ .145
∗

: significant difference (P < .05) by two-way ANOVA.

Table 7: Effects of the Phalen test result on power ratios with wrists
in the neutral position.

Negative Positive Persistent P

AHR 0.848± 0.061 0.834± 0.076 0.901± 0.025 .126

ARR 0.614± 0.069 0.600± 0.053 0.577± 0.084 .424

AMYO 0.359± 0.034 0.367± 0.025 0.373± 0.024 .450

ANEU 0.337± 0.046 0.348± 0.026 0.320± 0.041 .432

Sp 0.107± 0.446 0.130± 0.257 0.125± 0.159 .977

Av 31.49± 25.65 46.97± 27.93 42.70± 24.42 .010∗
∗

: significant difference (P < .05) by one-way ANOVA.

Table 8: Effects of the Phalen test result on power ratios with wrists
in the maximally flexed position.

Negative Positive Persistent P

AHR 0.837± 0.064 0.813± 0.068 0.878± 0.040 .134

ARR 0.627± 0.068 0.618± 0.057 0.598± 0.088 .622

AMYO 0.369± 0.034 0.364± 0.027 0.371± 0.020 .819

ANEU 0.336± 0.057 0.334± 0.052 0.360± 0.028 .634

Sp 0.033± 0.374 −0.111± 0.310 −0.042± 0.268 .363

Av 33.30± 19.75 52.49± 33.39 48.08± 30.81 .018∗
∗

: significant difference (P < .05) by one-way ANOVA.

temperature of the index finger pad. The controlled target
temperature was 32◦C. The fourth panel shows the wrist
flexion/extension angle. The angle decreased from 77◦ to
74◦ slowly with time, meaning that the wrist was less flexed.
However, the angle change was small.

Figure 3 shows an example of frequency-domain anal-
yses. The upper and lower panels show the results when
the wrist was in a neutral and maximally flexed position,
respectively. When the wrist was maximally flexed, the
HR peak was consistently present and its amplitude was
increased, the RR peak remained ambiguous, the amplitude
of MUS base was increased, but no clear peak was present,
and a peak appeared in the NEU band around 0.045 Hz.

The results of analyzing LDF data with the wrist in
the neutral position are summarized in Table 3. Two-way

ANOVA with post hoc tests showed that the differences
among the power ratios of the 4 groups were significant for
AHR, ARR, and AMUS for the factor DPN. The difference in
Av was also significant for the factor DPN, while AHR was
larger in subjects with DPN, and ARR, AMUS, and Av were
smaller. The results with the wrist in the maximally flexed
position (Table 4) showed that the differences among the 4
groups were significant for AMUS, ANEU, and Av for the factor
DPN. All AMUS, ANEU, and Av values were smaller in subjects
with DPN. On the other hand, two-way ANOVA with post
hoc tests (Tables 5 and 6) showed that the differences among
the power dispersion of the 4 groups were not significant
in any band for either factor in the neutral position and
was significant for ARR and ANEU for the factor CTS in
the maximally flexed position. ARR and ANEU were smaller,
which meant the power was more dispersed, in the subjects
with CTS.

The effects of Phalen test results on LDF parameters were
tested by one-way ANOVA with post hoc tests (Tables 7 and
8). Only Av was significantly affected by Phalen test results.
Av was smaller when the Phalen test was negative compared
to when it was positive. The results of statistical tests were
similar for the wrist in the neutral and maximally flexed
positions.

4. Discussion

Frequency-domain analyses can complement time-domain
analyses in interpreting time array signals. Existing data
about PSD of LDF signals in DM and CTS patients are
scarce. The main reasons are probably that frequency domain
analyses are less familiar and the tools are less commonly
available to biological and medical fields. Traditionally, PSD
was performed by Fourier transformation and extension
to the time-frequency analyses, short-time Fourier trans-
formation. Newer time-frequency analysis tools such as
wavelet decomposition and S-transformation can not only
perform PSD, but also localize specific changes of frequency
powers in the time domain. As mentioned in Methods and
Materials, the advantage of S-transformation over wavelet
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transformation is that the independent variable is direct
frequency without any approximation. In this study, we
averaged the band powers over time, so the results became
equivalent to PSD. Still, the advantage of S-transformation is
that the curve of PSD is smoother.

Only one study about PSD of LDF signals in DM was
found in the literature. The study, which measured LDF
signals at the finger tip, reported that at the resting state,
there was a significant difference in the absolute but not in
the relative scalogram energy between the normal and the
type I DM groups for all three frequency bands (MYO, NEU,
and MET) [2]. These results are different from ours, which
showed that the relative band powers of two bands (RR and
MYO) were decreased and Av, which was equivalent to the
absolute total power, was also decreased. Several differences
in methodology might explain this difference. First, while
the cited study recruited type I DM patients who were
younger and without particular emphasis on the existence
of neuropathy, we recruited type II DM patients with
definite DPN and sensory symptoms. Second, the cited study
recorded LDF at a lower sampling rate (3 Hz) for a longer
time (1000 seconds), while we used a higher sampling rate
(200 Hz) for a shorter time (360 seconds). A lower sampling
rate saves storage space, facilitating a long recording time
and increasing the resolution of lower frequencies, at the
cost of losing information on higher frequencies and at a
risk of aliasing. We used a higher sampling rate, so that
all five known bands could be analyzed at the cost of a
shorter recording time and a lower low-frequency resolution.
Third, while the cited study used the total energy between
0.0095 Hz and 0.145 Hz for normalization, we used the total
energy between 0.0095 Hz and 2 Hz for normalization. There
are more existing data about frequency-domain analyses of
HRV signals in DM patients. Stefanovska and Bračič [17]
indicated that the human cardiovascular system is governed
by five coupled oscillators. Thus, frequency-domain analyses
of both heart rate variability and skin blood perfusion (LDF)
reveal five similar frequency bands, though the controlling
factors might be different. While skin blood perfusion is
governed more by local factors, heart rate variability is influ-
enced more by global factors. Though the affected frequency
bands have been different, the common conclusion of studies
on frequency domain analysis of HRV in DM patients has
been that DM decreases the absolute and relative band
powers in some frequency bands, especially HF and LF bands
[18–24]. In fact, because the RR and MYO bands correspond,
respectively, to the HF and LF bands of HRV, our results
are compatible with the existing data from the literature
about HRV in DM. In addition, because the statistical results
were similar in both neutral and maximally flexed positions,
our results imply that the blood perfusion was decreased
by DPN but was not influenced by the increase of carpal
tunnel pressure. The explanation is that main arteries to
the fingers (radial and ulnar arteries) are exterior to the
carpal tunnel and will not be directly compressed by the
increase of carpal tunnel pressure. However, perfusion can be
compromised due to the dysfunction of the autonomic fibers
in the compressed median nerve. Our results also imply
that for normal and DPN subjects, the increase of carpal

tunnel pressure during the Phalen test was not high enough
to compromise the function of autonomic fibers. In fact,
there is a study indicating that nerve fibers in hyperglycemia
are more resistant to ischemic conduction block during
compression [25].

There is only one study about LDF in CTS patients, which
is based on time-domain analyses. Schuind et al. [26] showed
that, after carpal tunnel release, the arterial blood flow to the
hand was increased. Our results showed that CTS did not
affect the relative power ratio in any frequency band in either
the neutral or the maximally flexed position.

To the best of our knowledge, there are no documented
studies about power dispersion in each frequency band.
However, less power dispersion implies less variability of the
frequency and less control action. Therefore, we developed
this parameter to evaluate the control effort of the local
cardiovascular system. In the maximally flexed wrist posi-
tion, the tunnel pressure was expected to increase, leading
to a decrease of blood supply to the median nerve and
a compromise of its functions. However, the LDF results
indicate that the absolute total power and the relative band
power did not change in the maximally flexed position,
while the relative power was more dispersed in the RR
and NEU bands in the CTS group. The results imply that
local perfusion did not decrease and maintained a similar
oscillation pattern in both positions, although more control
effort was needed to maintain the pattern in the maximally
flexed position for the CTS patients. We think the possible
explanations for the preserved control are that (1) the
increase of carpal tunnel pressure during the Phalen test was
not high enough to compromise the function of autonomic
fibers or (2) the diameter of autonomic fibers is relatively
small, and there were evidences [27, 28] that fibers of larger
diameter were damaged first in CTS. Sp was very small for
all groups, which also indicates that there was no particular
trend during the recording course.

Though some studies have indicated that the Phalen
test is more reliable than other manual tests, the sensitivity
(76%, ranging from 34 to 92%) and specificity (51%) are
not satisfactory [29, 30]. Even in normal subjects, the Phalen
test may be positive in 26% of subjects [31]. The main
underlying mechanism of this test is believed to be due to
the increased intra tunnel pressure during the wrist flexion,
causing more compression of the median nerve. The Phalen
test is inherently a qualitative test, because the compression
pressure is not accurately defined. In addition, for those more
severe patients with persistent numbness, the Phalen test
is undefined, and for those patients with hypoesthesia, the
results may be negative. One study reported that the Phalen
test might be a better test for tenosynovitis than CTS [32]. All
of these factors together may explain the low sensitivity and
specificity of the Phalen test.

The finding that Av, representing the total perfusion, was
larger in patients with a positive Phalen sign (Tables 7 and
8) implies that the test might be more suitable for those with
milder severity. As the disease exacerbates and Av decreases,
the numbness becomes persistent. When the nerve functions
are more compromised, hypoesthesia becomes predominant
and the patients might not feel numbness.
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There are several limitations in interpreting the results of
this study. First, the simple apparatus adopted in this study
could not ensure that the wrist was maintained at the same
angle throughout the experiment. However, because the drift
was small and the tunnel pressure was a continuous function
of wrist angle [33], the tunnel pressure was still markedly
increased throughout the test. The results of Sp, which were
very small for all groups, were also indicative that the small
drift of the wrist angle might not have a significant effect
on LDF recording. Second, the patients with DPN tended to
be older, and there were more females in all groups except
in the DPN group (Table 1). However, when these factors
were set as confounding factors in the statistical analyses, the
conclusions were similar. In addition, the review of Bircher
et al. [34] indicated that age had no effect and sex had a
minor or no effect on LDF recording of the skin. Third, LDF
recording of a small area is characterized by a great temporal
and spatial heterogeneity and, therefore, low reproducibility.
The recently developed technique of laser Doppler perfusion
imaging [35, 36] may partly ameliorate the problem, at the
cost of longer recording time. It is also possible that the
procedures developed in this paper can be extended to the
data of perfusion imaging when the recording time and the
size of recording area are properly chosen.

5. Conclusions

The results of this study showed that, in both the neutral and
the maximally flexed wrist positions, the total perfusion and
some components of power spectral analysis were signifi-
cantly decreased in diabetic polyneuropathy but not in carpal
tunnel syndrome, and, in contrast, some components of
power spectral analysis were more dispersed in carpal tunnel
syndrome in the maximally flexed position. In summary,
while more research is needed, power spectral analysis of
laser Doppler flowmetry data in conjunction with the Phalen
test may be a new tool for studying carpal tunnel syndrome
in diabetic polyneuropathy patients.
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The aim of this paper was to assess serum uric acid (SUA) levels in patients with type 2 diabetes mellitus (T2DM) with or without
sudomotor dysfunction (evaluated by the Neuropad test). We included 36 T2DM patients with sudomotor dysfunction (group
A: mean age 63.1 ± 2.6 years) and 40 age-, gender-, renal function- and T2DM duration-matched patients without sudomotor
dysfunction (group B: mean age 62.1 ± 3.1 years). SUA was significantly higher in group A (P < 0.001). There was a significant
correlation between SUA and Neuropad time to colour change in both groups (group A: rs = 0.819, P < 0.001; group B: rs = 0.774,
P < 0.001). There was also a significant positive correlation between SUA and CRP in both groups (group A: rs = 0.947, P < 0.001;
group B: rs = 0.848, P < 0.001). In conclusion, SUA levels were higher in T2DM patients with sudomotor dysfunction than those
without this complication. The potential role of SUA in sudomotor dysfunction merits further study.

1. Introduction

Diabetic autonomic neuropathy (DAN) is a major cause
of morbidity and mortality [1, 2]. A rather neglected
manifestation of DAN is impaired sweat secretion, also called
sudomotor dysfunction [3]. This is due to injury of the
postganglionic cholinergic sympathetic nerve fibres which
are responsible for the innervation of sweat glands and causes
dry skin [3].

Serum uric acid (SUA) is being considered as a risk mar-
ker of cardiovascular morbidity [4–9]. Elevated SUA levels
are associated with endothelial dysfunction [10], coronary
artery disease [4–6], stroke [11, 12], peripheral arterial dise-
ase (PAD) [13, 14], as well as cardiovascular mortality [5, 7].
Furthermore, a link between increased SUA levels and
nonalcoholic fatty liver disease (NAFLD) has been reported
[15]. Specifically, in patients with type 2 diabetes mellitus
(T2DM), high SUA levels have been linked with macrovas-
cular disease [16], namely, stroke [17] and PAD [18] while
the association between SUA and microvascular disease has

received little attention. More recently, however, some data
on its relationship with microangiopathy have become avail-
able. Indeed, patients with T2DM and peripheral neuropathy
have been reported to have higher SUA [19]. There was also
an association between SUA levels and clinical severity of
neuropathy [19].

Despite the reported association between SUA levels and
peripheral neuropathy, the potential association with DAN
has not been examined. The rationale for this association is
that SUA reflects inflammatory activity [9, 10], and patients
with DAN may exhibit increased inflammation [20]. In
particular, SUA levels have not been examined in diabetic
patients with sudomotor dysfunction. Of note, there is
evidence linking SUA levels and the amount of sweating,
at least in healthy volunteers [21]; however, the effect of
sudomotor dysfunction on this relationship is unclear. Thus,
we examined the association between SUA and sudomotor
dysfunction in patients with T2DM. It is also of interest that
both SUA [5, 7] and DAN [1, 2] may predict cardiovascular
mortality.
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Table 1: Characteristics of patients with (group A) versus without
(group B) sudomotor dysfunction.

Characteristic
Group A
(n = 36)

Group B
(n = 40)

P

Men (n, %)
17

(47.2%)
19

(47.5%)
0.981

Age (years, mean
± SD)

63.1± 2.6 62.1± 3.1 0.251

Serum creatinine
(mg/dL, mean ±
SD)

0.9± 0.1 0.8± 0.1 0.322

eGFR (mL/min,
mean ± SD)

85± 5 86± 5 0.508

Diabetes duration
(years, mean ±
SD)

9.4± 2.1 8.9± 1.9 0.246

HbA1c (%, mean
± SD)

7.7± 0.4 7.6± 0.5 0.750

BMI (kg/m2,
mean ± SD)

31.5± 1.8 32.1± 1.8 0.210

Smoking (n, %)
13

(36.1%)
13

(32.5%)
0.929

Hypertension (n,
%)

27 (75%)
31

(77.5%)
0.999

CAD (n, %)
12

(33.3%)
13

(32.5%)
0.999

Retinopathy (n,
%)

18 (50%) 24 (60%) 0.519

Microalbuminuria
(n, %)

16
(44.4%)

12 (30%) 0.287

2. Patients and Methods

The present study included 36 T2DM patients with sudo-
motor dysfunction (group A) and 40 T2DM patients with-
out sudomotor dysfunction (group B). These groups were
matched for age, gender, renal function (assessed by serum
creatinine), and diabetes duration. Patient characteristics
are presented in Table 1. Subjects were recruited from the
Outpatient Clinic of Obesity, Diabetes and Metabolism,
Second Department of Internal Medicine at Democritus
University of Thrace, Greece. The study was carried out in
accordance with the Helsinki Declaration of Human Rights
and patients gave their informed consent.

Exclusion criteria were age <17 or >75 years, chronic
renal failure, PAD, stroke, other potential causes of neuropa-
thy (i.e., alcohol abuse, vitamin B12 deficiency, peripheral
nerve lesions, or malignancy), acute or chronic infections
or inflammation, haematological disease, as well as use
of statins, anti-inflammatory agents, antibiotics, or any
medication that might influence SUA levels (e.g., diuretics,
cyclosporin, allopurinol, oestrogens, or cytotoxic agents)
[22–24] during the previous 3 months.

Sudomotor dysfunction was diagnosed by means of the
indicator test Neuropad (Trigocare International GmbH,
Wiehl, Germany) [25]. This is a relatively new test, which
assesses sweat production by means of a chemical reaction

between water and anhydrous cobalt dichloride [25, 26]. The
test is applied to an area free from callus and hyperkeratosis
on the plantar aspect of the foot between the first and second
metatarsal head [25]. In case of adequate sweat production,
the test changes its colour from blue to pink within 600 sec.
If such colour change does not occur within this time frame,
sudomotor dysfunction is diagnosed. The severity of the
latter can be evaluated by measuring the absolute time to
colour change [25, 26]. In the present study, the 600 sec cutoff
was used to diagnose sudomotor dysfunction while time to
colour change was measured to evaluate its severity [25].

SUA, serum creatinine, C-reactive protein (CRP), triglyc-
erides (TGs), total cholesterol (TC), high-density lipoprotein
cholesterol (HDL-C), and low-density lipoprotein choles-
terol (LDL-C) were measured by spectrophotometry (Olym-
pus AU 2700 autoanalyzer, Hamburg, Germany). Glomeru-
lar filtration rate (GFR) was calculated by the Cockroft-Gault
formula. Haemoglobin A1c (HbA1c) was assessed by high-
performance liquid chromatography (G7 HPLC Glycohemo-
globin Analyzer, Tosoh Bioscience, Inc., South San Franci-
sco, CA, USA). Urinary albumin was measured by an immu-
nonephelometric method (Immage 800, Beckman-Coulter,
Inc., Brea, CA, USA).

Smoking was defined as daily consumption of ≥1
cigarette for at least 2 years during the preceding 5 years.
In accordance with the seventh report of the Joint National
Committee on prevention, detection, evaluation, and treat-
ment of high blood pressure (JNC7), we defined arterial
hypertension as a systolic blood pressure ≥140 mmHg
and/or diastolic blood pressure ≥90 mmHg on 3 separate
occasions [27] or as antihypertensive treatment. Coronary
artery disease (CAD) was diagnosed on the basis of history
of myocardial infarction and/or electrocardiographic find-
ings [28]. Microalbuminuria was diagnosed when albumin
excretion rate was ≥20 µg/min in the absence of uncon-
trolled hypertension and/or urinary tract infection [29] and
recorded as present or absent. Retinopathy was defined as at
least 2 microaneurysms and/or retinal haemorrhage and/or
other signs of retinal damage [30]. Body mass index (BMI)
was calculated by dividing subjects’ weight by their squared
height (kg/m2).

Statistical analysis was performed using the SPSS (Sta-
tistical Package for Social Sciences, Chicago, Illinois) version
13.0. Normally distributed quantitative variables were anal-
ysed by unpaired t-test. Qualitative variables were compared
by chi-square (after Yates’ correction when appropriate).
Correlations between Neuropad time to colour change
and/or biochemical variables (i.e., SUA, TG, TC, HDL-C,
LDL-C, serum creatinine, GFR, and CRP) were evaluated by
Spearman’s coefficient (rs). Data were expressed as mean ±
standard deviation (SD). A 2-tailed P ≤ 0.05 was considered
significant.

3. Results

There were no differences between the 2 groups in demogra-
phic characteristics, glycaemic control (assessed by HbA1c),
renal function (assessed by serum creatinine and GFR), and
frequency of diabetic complications other than neuropathy
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(Table 1). SUA levels were significantly higher in group A
versus B (8.2 ± 1.4 versus 5.8 ± 1.1 mg/dL, P < 0.001). The
same was observed for CRP (1.0±0.4 versus 0.3±0.2 mg/dL,
P < 0.001) and TGs (158 ± 24 versus 146 ± 17 mg/dL,
P = 0.016), but not for TC (177± 19 versus 175± 18 mg/dL,
P = 0.83), LDL-C (102±19 versus 102±20 mg/dL, P = 0.98),
and HDL-C (43± 7 versus 44± 6 mg/dL, P = 0.38).

Overall, there was a significant positive correlation bet-
ween SUA and Neuropad time to colour change (rs = 0.874,
P < 0.001). This correlation was observed both in group A
(rs = 0.819, P < 0.001) and in group B (rs = 0.774, P <
0.001). Furthermore, there was a significant positive correla-
tion between SUA and CRP (rs = 0.935, P < 0.001), which
was also observed both in group A (rs = 0.947, P < 0.001)
and in group B (rs = 0.848, P < 0.001).

A significant correlation between SUA and TGs was
observed in group A (rs = 0.556, P < 0.001) but not in group
B (rs = 0.185, P = 0.254). Moreover, there was a significant
negative correlation between SUA and HDL-C in group A
(rs = −0.400, P = 0.016) but not in group B (rs = 0.291, P =
0.130). SUA did not correlate with TC (group A: rs = 0.285,
P = 0.920; group B: rs = 0.156, P = 0.335) or LDL-C (group
A: rs = 0.321, P = 0.610; group B: rs = 0.290, P = 0.710).
There was no correlation between SUA and HbA1c in either
group (group A: rs = −0.072, P = 0.676; group B: rs = 0.182,
P = 0.260).

Overall, there was a significant positive correlation bet-
ween SUA and serum creatinine (rs = 0.428, P = 0.001). This
correlation was observed both in group A (rs = 0.580, P =
0.001) and in group B (rs = 0.370, P = 0.029). SUA also cor-
related negatively with GFR (rs = −0.510, P = 0.001). This
correlation was observed both in group A (rs = −0.601,
P = 0.002) and in group B (rs = −0.410, P = 0.004).

4. Discussion

Our main finding is that SUA levels are increased in the
presence of sudomotor dysfunction among patients with
T2DM. Of note, the 2 groups were matched for renal
function (assessed by serum creatinine and GFR), as well
as age, diabetes duration, and HbA1c. These novel findings
extend our previous observation of elevated SUA in patients
with peripheral diabetic neuropathy [19]. Hence, it appears
that the association between SUA and diabetes-related
neuropathy exists both for peripheral neuropathy and for
sudomotor dysfunction. Importantly, there was a significant
positive correlation between SUA and Neuropad time to
colour change, a marker of the severity of sudomotor
dysfunction [26]. This correlation was observed in both
groups, as well as among the entire patient population,
suggesting a continuum of increasing SUA levels with
progression of sudomotor dysfunction.

Moreover, patients with sudomotor dysfunction exhib-
ited significantly higher CRP levels than those without
sudomotor dysfunction. There was a significant positive
correlation between CRP and SUA levels in both groups
and in the entire patient population. An association between
neuropathy and CRP has been reported by us [19] and others
[21, 31]. The role of inflammation in diabetic neuropathy

has also become apparent by the observation of elevated
interleukin-6 levels in the presence of this complication
[31, 32]. Our results provide further support for the role of
inflammation in neuropathy, as well as the first suggestion
that inflammation is important in the context of sudomotor
dysfunction. As SUA has been shown to exert antioxidant
properties [33, 34], it is possible that inflammatory activity
may induce an elevation of SUA levels.

Another finding was the association of sudomotor dys-
function with increased TGs and reduced HDL-C. We have
previously shown that peripheral neuropathy is associated
with increased TGs and TC, but not HDL-C, in T2DM
[19]. Despite some minor differences in the lipid fractions
involved, these findings highlight the importance of dyslipi-
daemia in diabetic neuropathy. Our results are in agreement
with experimental evidence that elevated TG and oxidised
LDL are neurotoxic via oxidative stress, independently of
hyperglycaemia [35]. Others have also implicated hyper-
lipidaemia in diabetic neuropathy and identified elevated
serum lipids as a potential additional therapeutic target in
the management of this microvascular complication [36–38].
These observations may explain why SUA correlated with
dyslipidaemia but not with HbA1c.

The limitations of the study include that it was not
prospective, and thus the potential role of SUA in the devel-
opment of sudomotor dysfunction could not be examined.
Secondly, we assessed a relatively small number of patients
and they were recruited in a specialist unit. Therefore,
caution is needed before applying our results to the general
T2DM population. Furthermore, Neuropad has not yet
been established as the gold standard for the assessment of
sudomotor dysfunction. However, the more sophisticated
modalities, such as the quantitative sudomotor axon reflex
test, are only available in a handful of specialised centres
across the world and are far too cumbersome to use in clinical
practice [3]. Neuropad is the only widely available test for
broad assessment of sudomotor dysfunction and dry foot
[26]. Of note, the literature on the application of Neuropad is
ever increasing [38–40], lending further support to its use for
the evaluation of this manifestation of neuropathy. Finally,
no information on nutritional habits was available, and so
the potential contribution of dietary factors could not be
accurately evaluated. However, all patients received dietary
advice as part of their routine care.

Our results may have the following practical implica-
tions. T2DM patients with sudomotor dysfunction exhibit
significantly higher SUA than those without. SUA levels
are elevated in association with the severity of sudomotor
dysfunction and they are associated with increased CRP and
dyslipidaemia. Based on these findings, SUA may be consid-
ered a potentially useful additional marker for sudomotor
dysfunction. This role should be discussed in the context of
the emerging evidence for the contribution of inflammation
[19, 21, 31, 32], hyperlipidaemia [19, 35–37, 41], and other
factors to the pathogenesis of diabetes-related neuropathy,
highlighting the necessity for multifactorial intervention [42,
43]. Nonetheless, 3 important issues remain to be clarified.
First, the putative contribution of SUA to the development of
sudomotor dysfunction needs to be examined in long-term
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prospective studies. Secondly, we need to investigate whether
SUA is elevated in patients with other manifestations of
DAN, notably reduced heart rate variability or gastroparesis.
Finally, it remains to be established whether pharmacological
reduction of SUA might contribute to the management
and/or prevention of sudomotor dysfunction, as may be
possible for cardiovascular disease [9, 11, 33] and metabolic
syndrome [44].

In conclusion, SUA levels are higher in T2DM patients
with sudomotor dysfunction compared with those without
this complication. A significant positive correlation was
observed between SUA and the severity of sudomotor
dysfunction. Furthermore, SUA levels are associated with
CRP. In subjects with sudomotor dysfunction, SUA also
correlates with an adverse lipid profile. The present findings
suggest that prospective studies should further examine
the contribution of SUA to the development of sudomotor
dysfunction.
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Arterial stiffness is increased in type 1 diabetes (T1D), before any clinical complications of the disease are evident. The aim of the
present paper was to investigate the association between cardiac autonomic function and arterial stiffness in a cohort of young
T1D patients, without history of hypertension and any evidence of macrovascular and/or renal disease. Large artery stiffness
was assessed by measurement of carotid-femoral pulse wave velocity (PWV). Cardiac autonomic function was assessed by the
cardiovascular tests proposed by Ewing and Clarke. Patients with a high cardiac autonomic neuropathy score (≥4) had significantly
higher PWV than those with a low score (0-1). A negative, heart rate-independent, correlation between PWV and heart rate
variation during respiration was observed (r = −0.533, P < 0.001). In multivariable analysis, E/I index was the strongest correlate
of PWV (β-coefficient = −0.326, P = 0.002). Cardiac parasympathetic function is a strong predictor of large arterial stiffness, in
young T1D patients free of macrovascular and renal complications.

1. Introduction

Arterial stiffness increases as a result of the aging process
and as a consequence of many disease states, including
diabetes mellitus (DM) [1–6]. Aortic stiffness has indepen-
dent predictive value for total and cardiovascular mortality,
coronary morbidity and mortality, and fatal stroke in various
populations at high risk for cardiovascular disease [4–6].
Vascular compliance of both the large and small arteries is
reduced in patients with type 1 diabetes (T1D), at an early
stage of the disease and before any clinical macrovascular or
microvascular complications are evident, therefore increas-
ing their risk for cardiovascular events [7–9]. The early
presence of increased arterial stiffness in patients with T1D
is believed to be a consequence of the blood vessels exposure
to the chronic detrimental effects of hyperglycemia [10–12].

Diabetic autonomic neuropathy (DAN) is a serious, often
overlooked, complication of DM. Cardiovascular autonomic
neuropathy (CAN) is the most studied form of DAN and its
prevalence varies dramatically between cohorts of diabetic
patients, due to differences in the methodology used for its
diagnosis and the lack of method standardization [13–15].
It has been reported that subclinical autonomic dysfunction

may occur within two years of the diagnosis in patients
with T1D [16]. Reduced cardiovascular autonomic function
has been associated with increased total mortality and
cardiovascular morbidity as well as mortality [17, 18].

Few previous studies have explored the hypothesis
that early impairment of the cardiovascular structure and
function and early abnormalities of the autonomic nervous
system in patients with T1D might be interrelated, and have
shown conflicting results [19–22]. Although these abnormal-
ities could also be separate and unrelated (despite occurring
in parallel time periods) consequences of the diabetic
hyperglycemic environment, they might also be reversible.

In view of these considerations, the aim of the present
study was to investigate whether there is an association
between cardiac autonomic function and large artery com-
pliance in a cohort of patients with T1D, without hyperten-
sion and/or any clinical evidence of macrovascular or renal
disease.

2. Patients and Methods

Patients with T1D were consecutively selected from the out-
patient clinic of our institution. Inclusion criteria required
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that patients were under 40 years of age, with an HbA1c <
8%, and had no history of arterial hypertension, macrovas-
cular disease, or renal disease, including microalbuminuria.
Patients receiving statins were excluded from the study.
Since the performance of reliable cardiovascular autonomic
tests requires the exclusion of potential confounding factors,
such us concomitant illnesses and drug use (b-blockers,
other antiarrhythmic drugs, antidepressants, antihistamines,
and diuretics) those have been carefully ruled out [23].
In addition, patients were advised to refrain from certain
potentially confounding lifestyle activities (exercise, smok-
ing, and caffeine intake), and not to eat in the morning of the
examination. All participants were given explanations about
the purpose and the procedures of the study and then signed
an informed consent. The study was approved by the ethics
committee of the Laiko University Hospital.

Arterial stiffness was assessed noninvasively using the
estimation of pulse wave velocity (PWV) which has emerged
as the “gold-standard” for the measurement of regional arte-
rial stiffness [24]. The theoretical basis of PWV is described
by the Moens-Korteweg equation: PWV2 = E∗h/2rρ; where
E is the slope of stress-strain relationship for a given vessel,
Young’s modulus; ρ is the density of fluid; h/2r is the wall
thickness/diameter. PWV was calculated by measuring the
time taken for the arterial pulse to propagate from the carotid
to the femoral artery. The SphygmoCor system was used
[25], which involves an arterial tonometer for recording
pressure waveforms. Propagation time is measured from the
foot of the carotid waveform to that of the femoral waveform
using sequential recordings referenced to fixed points of the
cardiac cycle (the R wave of the electrocardiogram).

Cardiac autonomic function was assessed using the
battery of cardiovascular tests, proposed by Ewing et al. [26]
and recommended by the American Diabetes Association’s
(ADA) consensus statement on standardized measures in
diabetic [23]. Heart rate response during respiration (the
deep breathing test) was assessed by calculating the ratio of
the maximum and minimum heart rates during six cycles
of paced deep breathing (E/I index). Heart rate response to
standing (standing test) was calculated as the ratio of the
longest R-R interval (found at about beat 30) to the shortest
R-R interval (found at about beat 15) after standing up
(30 : 15 ratio). Heart rate response to the Valsalva maneuver
(Valsalva test) was assessed by calculating the ratio of the
longest R-R interval after the maneuver to the shortest R-R
interval during or shortly after the maneuver (VM index). All
calculations were undertaken by measuring ECG recordings
of RR intervals automatically, using the computer-aided
examination and evaluation system VariaCardio TF4 (Medi-
cal Research Limited, Leeds, UK) [27].

The heart rate-based tests were evaluated according to
published age-related tables [28]. Orthostatic hypotension
was diagnosed when a fall in systolic blood pressure
>20 mmHg was observed; a fall of 11–20 mmHg was con-
sidered as borderline and a fall of <10 mmHg as normal
response. Each normal autonomic function test was graded
as 0.0, each borderline test as 1.0 and each abnormal test as
2.0. On the basis of the sum of this score, the total CAN score
was calculated as the sum of the partial scores (minimum: 0,

Table 1: Demographic and clinical characteristics of the study
population.

N (%)/mean (SD)

Gender (males/females) 31 (47)/35 (53)

Age (years) 27.1 (6.0)

BMI (kg/m2) 24.2 (3.1)

Diabetes duration (years) 12.3 (7.7)

Current smoking 23 (35)

HbA1c (%) 7.4 (4.5)

Type of insulin treatment (MDI/CSII) 55 (83.3)/11 (16.7)

SBP (mmHg) 120.9 (13.1)

DBP (mmHg) 78.5 (12.5)

LDL-C (mg/dL) 99.8 (23.5)

HDL-C (mg/dL) 60.8 (13.4)

Triglycerides (mg/dL) 63.2 (32.1)

SBP: systolic blood pressure, DBP: diastolic blood pressure, MDI: multiple
daily injections, CSII: continuous, subcutaneous insulin infusion.

maximum: 8). CAN was diagnosed when two out of the four
tests performed were abnormal [23].

All tests were carried out between 07:00 and 09:00 h, in
a quiet environment with stable temperature (22–24◦C). All
PWV and CAN measurements were assessed by the same
person.

Statistical analysis was performed using the statistical
package SPSS 15.0.1 (SPSS Inc., Chicago, IL, USA). All data
were assessed for normal distribution of the values. Cat-
egorical data were compared using a Chi-square test. Com-
parisons of normally distributed data, between groups, were
performed by the independent samples Student’s t-test or by
ANOVA. Simple correlations were performed using Pearson’s
or Spearman’s correlation coefficient, as appropriate. Multi-
variable stepwise linear regression analysis was used to assess
the independent contribution of variables possibly associated
with PWV. P values (two-tailed) < 0.05 were considered
statistically significant.

3. Results and Discussion

A total of 66 patients were included in the study, out
of whom 31 (46.97%) were men. The mean age was
27.1 years while the mean duration of diabetes was 12.3
years. All patients were under intensive insulin treatment
(basal-bolus regimens) and 11 (16.66%) received continuous
subcutaneous insulin infusion via an insulin pump. The
patients had decent glycemic control (mean HbA1c: 7.4%).
The demographic and clinical characteristics of the study
participants are shown in detail in Table 1. Seven patients
fulfilled the criteria of CAN diagnosis (score ≥ 4). Only
four patients had an abnormal Valsalva test while 17 had
an abnormal deep breathing test. Data for Valsalva index
are missing for five patients due to poor compliance in
performing the test. The mean values of PWV and the indices
of cardiac autonomic function are shown in Table 2.

Patients with a high total CAN score (≥4) had a
significantly higher PWV value than those with a low
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Table 2: Pulse wave velocity and indices of autonomic function in
the study population.

N (%)/mean (SD)

Pulse wave velocity (m/s) 5.6 (0.9)

E/I index 1.33 (0.16)

E/I index (normal/borderline/low)
39/10/17

(59.1/15.2/25.7)

30 : 15 index 1.33 (0.18)

30 : 15 index (normal/borderline/low) 51/5/10 (77.3/7.6/15.1)

Valsalva index 1.94 (0.40)

Valsalva index∗ (normal/borderline/low) 50/7/4 (75.8/10.6/6.1)

Change in SBP (mmhg) −0.36 (9.84)

Change in SBP (normal/borderline/low) 58/5/3 (87.8/7.6/4.6)

Total score (median) 1.0 (0.0–7.0)

Presence of CAN (yes/no) 7/59 (10.6/89.4)
∗Not available in 5 patients due to poor compliance in performing the test.

total score (0-1; Table 3). PWV was significantly higher
in patients with abnormal deep breathing and standing-
up tests, compared to patients with normal result tests
while there was no such difference observed regarding the
Valsalva maneuver test and the orthostatic blood pressure
test (Table 3). After adjustment for age, gender and duration
of diabetes, the difference in PWV between patients with
normal and abnormal tests remained significant only for the
deep breathing test (P = 0.012) while borderline significance
was observed regarding patients with high versus low total
CAN score (P = 0.067).

In univariate analysis, PWV correlated positively with
age (r = 0.527, P < 0.001), diabetes duration (r = 0.378,
P = 0.002), systolic blood pressure (r = 0.278, P = 0.024),
diastolic blood pressure (r = 0.335, P = 0.006), waist
circumference (r = 0.293, P = 0.017), and waist-to-hip ratio
(r = 0.378, P = 0.001). No significant association was found
between PWV and gender, BMI, smoking status, HbA1c, and
plasma levels of HDL-C, LDL-C, and triglycerides.

A significant negative correlation was observed between
PWV and the E/I index (r = −0.533, P < 0.001; Figure 1)
that was modestly attenuated when adjusting for heart rate
(r = −0.452, P < 0.001). A weaker negative correlation was
observed between PWV and the 30 : 15 index (r = −0.275,
P = 0.025), which was vanished after adjusting for heart
rate (r = −0.137, P = 0.29). No significant correlation
was observed between PWV and the Valsalva index as well
as the change in blood pressure after standing up. After
adjustment for age, PWV remained significantly correlated
only to diastolic blood pressure (r = 0.296, P = 0.017),
waist-to-hip ratio (r = 0.293, P = 0.018), and E/I index
(r = 0.401, P = 0.001).

In multivariable linear regression analysis, with PWV
as dependent variable, a multivariable model including
the above significantly correlated to PWV parameters was
created (Table 4). In this model, age, waist-to-hip ratio, and
E/I index were independently associated with PWV. E/I
index was the strongest predictor of PWV (standardized
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Figure 1: Simple linear correlation between pulse wave velocity and
E/I index.

β-regression coefficient = −0.326, P = 0.015). E/I index,
age and waist-to-hip ratio accounted for 43.7% of PWV
variability (Table 4).

3.1. Discussion. The main finding of the present study is that
the compliance of large arteries assessed by measurement of
PWV in patients with T1D, even at a relatively early stage of
the disease, is related to certain indices of parasympathetic
autonomic nervous system function, principally the beat-to-
beat variation in heart rate with respiration.

The participants of the present study were carefully
selected in order to avoid the potential effect of diabetic com-
plications, both on PWV and autonomic function. Hence,
participants were young (<40 years of age), had no history of
hypertension, and were free of macrovascular complications
and nephropathy, including microalbuminuria. In addition,
all patients were treated with intensive insulin therapy (either
multiple daily injections or continuous subcutaneous insulin
infusion), having a fairly decent glycemic control (mean
HbA1c: 7.4%). It is known that renal disease, even in the
microalbuminuric stage, is related to elevation of blood
pressure, decreased blood pressure decline during sleep,
increased arterial stiffness, and impaired autonomic nervous
system function [29–31]. Hence, the exclusion of patients
with any degree of diabetic nephropathy was important
in order to eliminate any potential confounding effect of
nephropathy on either arterial compliance or autonomic
function.

According to our results, PWV correlated negatively to
the E/I index (r = −0.533) and (to a lower extent) the 30 : 15
ratio (r = −0.275) but not to the VM index (r = −0.119).
After adjustment for heart rate at rest, the association of E/I
index and PWV remained significant (r = −0.452, P <
0.001), while the 30 : 15 ratio was not related significantly
to PWV. After full adjustment for possible confounding
factors, the association between E/I index and PWV not
only remained significant (Table 4), but E/I index was the
strongest predictor of PWV in the model.
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Table 3: Mean (SD) PWV value in patients with normal, borderline, and abnormal autonomic nervous function tests. Total score is
considered normal when ≤1, borderline when 2-3, and abnormal when ≥4.

Normal result Borderline result Abnormal result P for trend

PWV (m/sec)

Deep breathing test (E/I index) 5.37 5.53 6.19∗∗ 0.006

Orthostatic test (30 : 15 ratio) 5.46 6.38∗ 5.96 0.038

Valsalva test (VM index) 5.52 5.36 5.48 0.89

Orthostatic test (BP change) 5.55 5.68 6.43 0.27

Total score 5.47 5.58 6.35∗ 0.042
∗
P < 0.05, ∗∗P < 0.01, for comparisons of PWV values between abnormal/borderline test and normal test (adjusted for multiple comparisons using

Bonferroni adjustments).

Table 4: Multivariable linear regression model with pulse wave
velocity set as dependent variable. Additional variables included in
the model (and turned to be nonsignificant) were gender, duration
of diabetes, and diastolic blood pressure.

Variable β-coefficient
Standardized
β-coefficient

P
95% CI
(for β)

Age 0.048 0.317 0.005 0.016, 0.081

Waist-hip
ratio

2.625 0.218 0.033 0.216, 5.033

E/I index −1.930 −0.326 0.002
−3.110,
−0.750

R2 = 0.437.

The deep breathing test (expressed by the E/I index) is
considered as the most reproducible of the cardiac auto-
nomic function tests [32]. Interestingly, further analysis of
the data showed that the VM index was affected by smoking
status, being significantly lower in smokers. In addition,
smoking status affected the relation between VM index and
PWV, being of borderline significance in nonsmokers (r =
−0.288, P = 0.07) but neutral in smokers. It has been
previously reported that smoking may attenuate the Valsalva
heart rate response, due to dysfunction in some part of the
autonomic reflex arch [33].

Both the deep breathing test and the standing-up test (as
it concerns heart rate variation), reflect mainly parasympa-
thetic activity of the heart innervation (although the sym-
pathetic nervous system may partly affect these measures)
[34, 35]. On the other hand, heart rate variation during the
Valsalva maneuver is mediated through alternating activation
of parasympathetic and sympathetic nerve fibres [35].

Previous cross-sectional studies have demonstrated an
association between arterial stiffness and autonomic neu-
ropathy in both types of diabetes (type 1 and type 2) [19–
22, 36]. In the study by Ahlgren et al., a significant correla-
tion between E/I index and aortic distensibility (measured
noninvasively by ultrasound) was found in females (but not
in males) with type 1 diabetes [20]. Patients with established
nephropathy (both macro- and microalbuminuria) were
included. In the present study, the association between PWV
and autonomic function indices was gender independent. It
has to be noted, however, that due to the small population
size, we were not able to perform gender-specific analysis,
and a potential gender effect might have been missed.

In a subsequent Dutch study by van Ittersum et al.
[22], performed in a cohort very similar to our population
(patients with T1D without microalbuminuria), it was found
that large artery compliance was related to the shortening
of the RR interval of the ECG after standing up, but not to
the heart rate variation during respiration. On the contrary,
in our cohort, a strong negative correlation of large arterial
stiffness to the heart rate variation during respiration was
observed. On the other hand, we also found a (negative)
correlation of PWV to the RR shortening after standing
up, but this was weak and disappeared after adjustment for
resting heart rate. Some differences between the two studies
might explain this discrepancy: first (1), in the Dutch study,
heart rate variation during respiration was expressed as the
maximal difference in duration of the RR interval of the ECG
during deep inspiration and expiration while in the present
study the same parameter was expressed as the ratio between
the two respective values; second (2), Van Ittersum et al.
performed adjustment for 24-hour heart rate while we only
had one measurement of resting heart rate available; third
(3), the demographic and clinical characteristics of patients
included in the present study were suggestive of an even
“earlier” T1D population than in the study by van Ittersum et
al. Indeed, our cohort was younger (27.1±6 versus 32.6±11
years) and had a shorter duration of diabetes (12.3 ± 7.7
versus 14.6 ± 10 years). In addition, patients in our study
had better glucose control than in the Dutch study (HbA1c:
7.4± 4.5 versus 8.1± 1.4). As a consequence, the mean PWV
values of the two populations was different, with a (close to
normal) 5.6 ± 0.9 m/s in our study, compared to a clearly
higher value of 6.5 ± 1.8 m/s in the study by van Ittersum
et al. It can be assumed that the presence of a less advanced
disease in our population may have allowed the association
between parasympathetic activity (expressed as the E/I ratio)
and arterial stiffness to emerge.

The association between PWV and cardiac autonomic
function has been previously examined in a small study in
healthy individuals as well [37]. Similarly to our results,
moderate correlations were found between autonomic
indices expressing mainly parasympathetic activity and
PWV. Healthy volunteers participating in that study, were
older than our cohort (mean age 38.2± 11.2 years).

Both the decrease of large arteries elasticity and the
dysfunction of autonomic nervous system appear early in
the natural history of T1D [7–9]. The question arising from
the present (and the previously mentioned) study is which
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of the events (autonomic dysfunction and stiffness of the
large arteries) appear first and whether there is a causative
relationship between each other. Two reasonable hypotheses
may be generated: arterial stiffness may produce dysfunction
of the cardiac autonomic nervous system or (the other way
round) CAN may induce stiffness of the large arteries. Of
course, a noncausal relation may also be the case, since the
two conditions may develop in parallel as consequences of
ageing and accelerated because of the “toxic” hyperglycemic
environment. In the present study, HbA1c was not associated
with PWV (r = 0.072, P = 0.59). It might be hypothesized,
however, that a single measurement of HbA1c, undertaken
some years after the initiation of diabetes, might not reflect
the overall glycemic burden, acquired during the entire
course of the disease.

A possible mechanism that might explain the first
hypothesis is the impairment of baroreceptor function,
induced by stiffening of the arterial wall [38]. On the other
hand, dysfunction of the cardiovascular autonomic system
may influence the elasticity of the arterial wall by affecting the
vascular tone of large arteries. In animal studies, it has been
shown that the integrity of the autonomic nervous system
is important in the preservation of the elastic properties
of the aorta [39–42]. Most of the animal studies, however,
implicated an acute modulation of the autonomic nervous
system whereas, in patients with T1D, a chronic, gradual, and
cumulative effect is present. Another mechanism possibly
implicated in the induction of arterial stiffness by autonomic
dysfunction is the increase in heart rate. Indeed, increases in
heart rate per se result in stiffening of arteries independently
of changes in activity of the autonomic nervous system [39,
43]. In the present analysis, the correlation between the E/I
index and PWV remained highly significant after adjustment
for heart rate, a finding indicating that the association
between parasympathetic dysfunction and arterial stiffness is
not mediated by an increase in heart rate. Finally, alterations
in autonomic tone may lead to artery stiffening through
trophic influence, leading to changing the structure of vessels
[44, 45].

In the Pittsburgh Epidemiology of Diabetes Complica-
tions (EDC) study, it has been shown prospectively that CAN
(expressed as the E/I ratio) is associated with increased arte-
rial stiffness measures, 18 years later in life of patients with
childhood-diagnosed T1D [46]. The authors of that study
concluded that CAN may exert a major pathophysiological
role in the development of arterial stiffening in patients with
T1D. The main limitation of the present study is its cross-
sectional design and the small population size. However, the
latter, is partly overcome by the homogeneous characteristics
of the patients, being of a young age, relatively short disease
duration, decent glycemic control, and, most importantly,
free of macrovascular and renal complications of diabetes.

4. Conclusions

According to the results of the present study, cardiac auto-
nomic function, particularly parasympathetic activity of the
heart, as expressed by heart rate variation during respiration,

correlates strongly to large arterial stiffness in patients with
type 1 diabetes. Most interestingly, this finding was observed
in a population of young patients, without history of
hypertension, with relatively short disease duration and free
of macrovascular and/or renal complications. A prospective
followup of these patients might provide further informa-
tion regarding the progression of both cardiac autonomic
function (including the development of cardiac autonomic
neuropathy) and arterial stiffness.
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The involvement of sympathoadrenal axis activity in obesity onset was investigated using the experimental model of treating
neonatal rats with monosodium L-glutamate. To access general sympathetic nervous system activity, we recorded the firing rates
of sympathetic superior cervical ganglion nerves in animals. Catecholamine content and secretion from isolated adrenal medulla
were measured. Intravenous glucose tolerance test was performed, and isolated pancreatic islets were stimulated with glucose and
adrenergic agonists. The nerve firing rate of obese rats was decreased compared to the rate for lean rats. Basal catecholamine
secretion decreased whereas catecholamine secretion induced by carbachol, elevated extracellular potassium, and caffeine in the
isolated adrenal medulla were all increased in obese rats compared to control. Both glucose intolerance and hyperinsulinaemia
were observed in obese rats. Adrenaline strongly inhibited glucose-induced insulin secretion in obese animals. These findings
suggest that low sympathoadrenal activity contributes to impaired glycaemic control in prediabetic obese rats.

1. Introduction

Obesity is a worldwide epidemic and the most important
factor in metabolic syndrome onset. This syndrome is
part of a group of comorbid pathologies that include in-
sulin resistance, type 2 diabetes, and hypertension [1, 2].
According to the literature, the incidence of these diseases
could double by the year 2030 [3].

Over the past decade, the central nervous system (CNS)
has been recognised as a key player in controlling energy
homeostasis [4]. Although other brain areas are important,
the hypothalamus has been identified as the pivotal structure
regulating food intake and energy balance [5]. The arcuate
hypothalamic nucleus (ARC) senses peripheral nutrient and
hormonal signals, including insulin and leptin, which are
well-known adiposity signals [6, 7]. The ARC integrates

these peripheral signals, and this information is relayed to
several second-order hypothalamic targets that modulate the
autonomic nervous system (ANS) [8, 9].

The ANS plays a key role in homeostatic control, includ-
ing regulating heart rate, body temperature, blood pressure,
and respiration [10]. The ANS is primarily an efferent system
that transmits impulses from the hypothalamus to regulate
peripheral organ systems. The ANS is further subdivided into
two principal components, the parasympathetic (PNS) and
sympathetic (SNS) nervous systems. In general, activation of
the splanchnic nerve in the SNS mediates catabolic processes,
whereas stimulation of the vagus nerve in the PNS mediates
anabolic responses [11]. According to Teff, the central
control of insulin secretion is a well-known example of these
opposing processes, as vagal activation enhances insulin
release from pancreatic beta cells, whereas noradrenaline
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released from the SNS inhibits this process [11]. Several
studies have demonstrated a relationship between the SNS
and obesity [10, 12, 13]. Low SNS activity has been proposed
as a risk factor for future body weight gain, as classically
demonstrated by reports from Bray and collaborators that
were based on experimental evidence in rodents showing that
lesions in the hypothalamus lead to low SNS activity and
morbid obesity [14, 15].

The sympathoadrenal system includes the SNS and the
chromaffin cells from the adrenal medulla, which secretes
catecholamines (primarily adrenaline) into the bloodstream
[16]. Chromaffin cells are cholinergically innervated by
the splanchnic nerve from the SNS; acetylcholine released
upon stimulation of this nerve activates neuronal cholinergic
receptors in chromaffin cells, thereby inducing membrane
depolarisation and triggering catecholamine secretion [17].

Once secreted, the catecholamines bind to cell-surface
α- and β-adrenergic receptors. In general, activation of
β-adrenergic receptors induces lipolysis, bronchodilation,
vasodilation, thermogenesis, and increased cardiac output;
on the other hand, activating α-adrenergic receptors induces
vasoconstriction and inhibits insulin secretion [18]. High
insulin concentrations in fasting and fed states trigger
insulin resistance. Increased insulin secretion leads to altered
receptor function or postreceptor defects in insulin signalling
[19]. Therefore, pharmacotherapeutic approaches that target
insulin secretion and/or augment sympathetic output have
been pursued in an attempt to either promote weight loss or
attenuate weight gain [20]. The purpose of the present study
was to investigate sympathoadrenal function and its effect in
regulating insulin secretion in pre-diabetic obese rats.

2. Material and Methods

2.1. Animals. All animal protocols were performed in accor-
dance with the precepts of the Brazilian College of Animal
Experimentation (COBEA) and Brazilian Federal Law. Once
a day during the first 5 days after birth, monosodium L-
glutamate (MSG, 4 mg/g body weight) was injected subcu-
taneously into the cervical area of Wistar rat pups. Control
animals received saline solution. The pups were weaned at
21 days of age, and only males were used in the study.
Throughout the protocol period, the animals received water
and commercial chow (Nuvital, Curitiba, Brazil) ad libitum
(except when animals were fasted) and were placed in an
environmentally controlled room maintained at 23 ± 3◦C
with a 12-hour light/12-hour dark photocycle (with the
lights on from 07:00 to 19:00 h.).

2.2. Obesity. To evaluate the onset of obesity, 90-day-old
rats were anaesthetised by a lethal intraperitoneal injection
of sodium pentobarbital (45 mg/100 g body weight). The
epididymal and retroperitoneal fat pads were removed,
rinsed, and weighed to estimate obesity induced by MSG
treatment [21]. The Lee index was calculated using the
formula [(body weight)1/3/(nasoanal length)]× 1000 (where
body weight and length are in g and cm, resp.) and used as a
predictor of obesity in MSG rodents [22].

2.3. Electrical Sympathetic Activity. After fasting for 12 hrs,
8 rats from each experimental group were anesthetised
with thiopental (45 mg/kg). Following the method of Leon-
Quinto et al., the sympathetic branch nerve from the
superior ganglion was dissected and placed on a pair of
hook-shaped silver recording electrodes (0.6 mm diameter)
[23]. The nerve was covered with silicone oil to prevent
dehydration. The electrode was connected to an electronic
device (Bio-Amplificator, Insight, Riberão Preto, Brazil) that
amplified the electrical signal up to 10,000 times after
filtering out low and high frequencies with a 1–80 kHz band-
pass filter. The neural output signal was acquired with an
Insight interface (Insight), viewed online, and stored on a
personal computer using a software program from Insight.
During data acquisition, the animals were placed in a Faraday
cage to block external electromagnetic interference. After
stabilisation, 40 recording frames were analysed from the
signal (over 5–10 minutes) for spike counting. Nerve activity
was quantified as the number of spikes counted during 5
seconds. For each rat, the average number of spikes per 5
seconds counting trial was used to calculate nerve firing rate.

2.4. Adrenal Glands. Both adrenal glands were removed and
weighed. During handling, the glands were kept on an ice
bath in standard Krebs-HEPES solution containing (in mM)
Cl−, 154.2; Na+, 144.0; Ca2+, 2.5; Mg2+, 1.18; SO4

2−, 1.2;
K+, 3.5; glucose, 11.1; HEPES, 25.0; bovine serum albumin
(BSA) 0.5%. The right glands from both experimental
groups (n = 15 for each group) were used to measure the
total catecholamine (adrenaline and noradrenaline) content
using the trihydroxyindole fluorescence method [24]. The
parameters used were 420 nm for excitation and 510 nm
for emission. For total catecholamine content, the glands
were homogenised in 350 μL of 10% acetic acid using an
ultrasonic processor and centrifuged at 10,000×g for 1 min.
The data were obtained by plotting the values on a linear
regression line generated from a standard adrenaline curve.
The left adrenal glands were used for experiments measuring
secretion (n = 10 for each group). The adrenal medulla
was dissected using a stereoscopic lens and ophthalmological
surgical instruments. To aid in manipulation, the isolated
medullae were impaled on steel needles and left to rest for
40 minutes in standard Krebs-HEPES solution.

2.5. Stimulation of Catecholamine Secretion. Costar 96-well
cell culture plates were used. Each well contained 200 μL
of standard Krebs-HEPES or modified Krebs-HEPES solu-
tion containing 100 μM carbachol, a synthetic analogue
of acetylcholine, 25 mM caffeine, a well-known inducer
of calcium release from the endoplasmic reticulum, and
elevated (50 mM) K+, which triggers plasma membrane
depolarisation. The pH of these solutions was maintained
between 7.0 and 7.2 at room temperature. The medullae
were incubated three times for 5 minutes each in a three-
well sequence in standard Krebs-HEPES solution and then
incubated for 5 minutes in modified Krebs-HEPES solution.
The medullae were then placed in 220 μL of 10% acetic acid
and homogenised by sonication (at 60 MHz for 10 min) to
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extract nonsecreted catecholamines. Acetic acid (20 μL) was
added to each well to preserve the secreted catecholamines.
Samples of secreted and remaining catecholamines were
assayed by the fluorometric method described above.

2.6. Western Blot Analysis. Another batch of left adrenal
glands (n = 10 for each group) was processed for Western
blot analysis to quantify tyrosine hydroxylase (TH) and α-
PKC protein levels as previously reported [25], with some
modifications. Briefly, the glands were homogenised in
0.3 mL phosphate buffer (pH 7.4) containing 1 μL protease
inhibitor cocktail (1 mg/mL each of aprotinin, leupeptin,
and trypsin inhibitor) and centrifuged at 1120×g for
15 min at 4◦C. Protein concentration in the supernatant was
determined by the Bradford method [26]. The proteins in
the supernatant were separated by SDS-PAGE using 20 and
100 μg total protein for TH and α-PKC, respectively. The
proteins were electroblotted to a nitrocellulose membrane
(Hybond-P ECL membrane, Amersham Biosciences, UK),
and the membranes were incubated with Tris-buffered saline
(TBS) containing 5% (w/v) nonfat dry milk for 90 min to
block nonspecific binding sites. The membranes were then
washed with TBS and incubated overnight at 4◦C in primary
antibody (monoclonal mouse anti-TH, Sigma-Aldrich, USA,
or mouse anti-α-PKC, Santa Cruz Biotechnology, USA)
diluted at 1 : 2000 in TBS containing 0.5% nonfat dry
milk. The membranes were then washed and incubated in
secondary HRP-conjugated goat antimouse antibody (Santa
Cruz Biotechnology, USA) diluted at 1 : 2000 in TBS con-
taining 0.5% nonfat dry milk for 1 hr at room temperature.
Finally, the TH and α-PKC bands were visualised by chemilu-
minescence (ECL Plus Kit, Amersham Biosciences, Sweden)
followed by exposure to autoradiographic film (Hyperfilm
ECL, Amersham Biosciences). The area and intensity of the
bands were quantified using Abeletro software (UFJF-Juiz de
Fora, Brazil). Except where stated otherwise, all reagents were
purchased from Sigma Chemical Co. (St. Louis, Mo, USA).

2.7. Plasma Adrenaline Measurement. Blood samples were
collected from 10 rats per group. After separating the plasma
(200–300 μL per animal), it was stored under refrigeration
and transferred to microtubes containing sodium metabisul-
fite antioxidant. High-performance liquid chromatography
(HPLC) was used to measure the adrenaline contained in
100 μL samples [27].

2.8. Glucose Tolerance Test. The intravenous glucose tol-
erance test (ivGTT) was performed after a 12-hour fast
(from 19:00 to 07:00 h). The rats (n = 10 for each group)
underwent surgery to implant a cannula into the right
jugular vein. At 24 hours after surgery, a glucose load (1 g/kg
body weight) was delivered throughout the cannula. Animals
in a second group received an intraperitoneal injection of the
α-adrenergic agonist oxymetazoline (Oxy, 16 nM/kg body
weight) 5 min prior to the glucose load. Blood samples
(300 μL) were collected from the same cannula before the
glucose load (t0) and 5 (t5), 15 (t15), 30 (t30), and 60 (t60)
min after the glucose injection; the t0 sample was used to

Table 1: Effects of neonatal MSG treatment on adults rats.

Control MSG

Body weight (g) 278.60 ± 4.41 208.60 ± 3.31∗

Lee index 281.20 ± 1.07 300.70 ± 1.62∗

Epididymal fat pad
(g/100 g bw)

1.58 ± 0.05 2.53 ± 0.06∗

Retroperitoneal fat pad
(g/100 g bw)

1.34 ± 0.04 2.10 ± 0.04∗

Glycaemia (mg/dL) 101.80 ± 2.26 108.60 ± 6.99

Insulinaemia (ng/mL) 5.30 ± 0.72 15.06 ± 1.80∗

Adrenal glands (mg) 23.9 ± 0.39 12.06 ± 0.36∗

Adrenal glands
(mg/100 g bw)

8.57 ± 0.12 5.79 ± 0.14∗

Data represent mean ± SEM. To all parameters, 20 rats were used for both
groups. student’s t-test was used. ∗P < 0.05 compared to control.

measure plasma glucose and insulin concentrations by the
glucose-oxidase technique (Kit Bio Diagnostic Chemistry
Industry, Paraná-Brazil) and RIA, respectively, [28, 29].

2.9. Pancreatic Islet Isolation and Insulin Secretion. Rat pan-
creatic islets were isolated as previously described [30].
Batches of 4 islets (n = 20 batches of islets from 5 different
rats) were preincubated for 60 min in 1 mL normal Krebs
solution containing (in mM): 120 mM NaCl; 4.8 mM KCl;
2.5 mM CaCl2; 1.2 mM MgCl2; 24 mM NaHCO3; 5.6 mM
glucose. This solution was gassed with O2/CO2 (95/5%) to
maintain pH at 7.4 and supplemented with BSA (0.12%,
w/v) and used in the following steps. After equilibrating
to a low glucose concentration solution, the islets were
incubated for 60 min in Krebs solution containing 5.6 or
8.3 or 16.7 mM glucose. After preincubation, other islet
batches were incubated for 60 min in the presence of the
α-adrenergic agonist. Adrenaline (1.0 μM) was added to the
islets incubated in the Krebs solution with 16.7 mM glucose
and 0.1 μM of the adrenergic β-blocker propranolol, which
was used to avoid β-adrenoceptor potentiation effects on
insulin secretion [31]. This concentration of adrenaline
(1.0 μM) blocks glucose-induced insulin secretion [32].
Insulin concentrations were measured by RIA from aliquots
prepared from the incubations.

2.10. Statistical Analysis. All results are presented as the mean
± SEM. Differences were considered statistically significant
when P < 0.05. One-way ANOVA with Bonferroni post
hoc test and Student’s t-test were performed using GraphPad
Prism version 5.00 for Windows (GraphPad Software, San
Diego, Calif, USA).

3. Results

As shown in Table 1, MSG treatment increased the epididy-
mal and retroperitoneal fat pad mass by 60.5 and 57.2%,
respectively, compared with control animals (P < 0.001).
Indeed, the Lee index increased by 6.9% in obese rats
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Figure 2: Adrenal medulla total catecholamine content, basal catecholamine secretion, and blood circulating adrenaline concentration in
MSG-obese rats. The bars represent mean ± SEM (n = 10–15 animals per group). ∗P < 0.05 compared to control, by Student’s t-test.

compared with controls (P < 0.05). These results confirm
the effectiveness of neonatal MSG treatment in inducing
adult obesity. Obese rats showed a nearly 3-fold increase
in insulinaemia compared with control rats (P < 0.05);
in contrast, glycaemia was unchanged in both groups.
Moreover, adrenal gland mass was reduced 49.5% in pre-
diabetic obese rats compared with control rats (P < 0.001).

Recordings of sympathetic nerve activity are shown in
Figure 1. In both resting, and fasting states, the sympathetic
firing rate was 58.8% lower in pre-diabetic obese rats
compared with control rats (P < 0.05).

Figure 2 shows total catecholamine stores in the adrenal
glands, basal catecholamine secretion from isolated adrenal

medullae and fasting plasma adrenaline levels. Total adrenal
catecholamine content was increased by 40.3% in pre-
diabetic obese rats compared with controls (P < 0.01).
However, the pre-diabetic rats showed a 60% reduction in
basal catecholamine secretion from the adrenal medulla and
32% lower plasma adrenaline concentration compared with
the control animals (P < 0.05).

Figure 3 shows that carbachol, caffeine, and potassium
each induced higher levels of catecholamine release in obese
rats compared with control rats. Specifically, carbachol,
caffeine, and potassium led to a 1.7-, 2.4-, and 2.5-fold
increase in catecholamine secretion, respectively, from pre-
diabetic obese adrenal medullae relative to controls.
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Figure 3: Adrenal catecholamine secretion in MSG-obese rats. The bars represent mean ± SEM (n = 8–10 animals per group). ∗P < 0.05
compared to control, by Student’s t-test.

As shown in Figure 4, TH protein levels decreased 37.6%
in pre-diabetic rats compared with control rats (P < 0.05). In
contrast, α-PKC protein levels did not differ between the two
groups.

Figure 5 shows that isolated islets from both groups
responded in a dose-dependent manner when stimulated
by glucose; however, the dose-response curve was much
steeper in islets from pre-diabetic obese animals than in
lean animals. In low (5.6 mM) glucose, insulin secretion
was similar between obese and control islets. On the
other hand, pre-diabetic obese islets secreted 127 and
56% more insulin in high-glucose solutions of 8.3 and
16.7 mM, respectively, compared with control pancreatic
islets (P < 0.05). Adrenaline inhibited glucose-stimulated
insulin secretion in islets from both groups; however, this
inhibition was more pronounced in islets obtained from
pre-diabetic obese rats. The insulin secretion stimulated by
16.7 mM glucose was inhibited by 72 and 47% in pancreatic
islets isolated from pre-diabetic obese and control animals,
respectively, (P < 0.05).

Figure 6 shows the results of the ivGTT test. Following
a glucose load of 1 g/kg body weight, glycaemia increased in
both groups; however, in pre-diabetic obese rats, the plasma
glucose concentration was 78% higher than the control
group (P < 0.05) at 5 min. The fasting glycaemia was restored
at 30 min and was maintained until the latest time point
measured (60 min) for both groups. The glucose intolerance
in pre-diabetic obese rats can be clearly appreciated by con-
sidering the area under the curve (AUC) of glycaemia during
ivGTT (Figure 6), which shows that obese animals had 65%
higher glycaemia than control rats (P < 0.05). Moreover,
oxymetazoline induced 30 and 93% more AUC glycaemia in
pre-diabetic obese and control rats, respectively, (P < 0.05).

Blood insulin levels during ivGTT are also presented in
Figure 6 and show that plasma insulin levels increased in

parallel with the rise in glucose levels in both groups; more-
over, as with glucose levels, plasma insulin levels increased
to a greater magnitude in obese rats. Plasma insulin levels
were 280, 76, and 190% greater in pre-diabetic obese rats at
5, 15, and 60 min, respectively, relative to control rats (P <
0.05). Insulin AUC was 320% higher in obese rats compared
with control rats (P < 0.05). The oxymetazoline effect
on insulinaemia is also presented as AUC data in Figure 6.
Oxymetazoline inhibited insulin levels by 76 and 35% in pre-
diabetic obese and control animals, respectively, (P < 0.05).

4. Discussion

Energy homeostasis is regulated by the neural brain network,
principally in the hypothalamus [6, 7]. In rodents, lesions
in the ARC during the neonatal period lead to obesity
in adulthood [33]. A frequently used model of obesity is
neonatal administration of MSG; this treatment kills neurons
in the ARC [33, 34]. These pre-diabetic obese rats have
massive adipose tissue accumulation, delayed development,
and elevated insulin levels [35–37], all of which were also
found in the present study. Low levels of growth hormones
are found in obese animals and are responsible for their
reduced size and muscle mass. Insufficient circulating growth
hormone levels also contributed to the reduced lipolytic
capacity that obese animals exhibit [35, 38].

Reduced SNS activity plays an important role in several
rodent models of obesity [15]. Genetic models of obesity
exhibit decreased SNS activity to brown adipose tissue (BAT)
and other peripheral organs [15, 39]. Levin demonstrated a
reduced turnover of noradrenaline in organs, including the
brain, of obesity-prone rats that preceded any increase in
body weight [40]. SNS dysfunction has also been observed in
obese humans. Saad et al. showed that sympathetic activity
is an indicator of energy expenditure in Caucasians [41].
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On the other hand, some authors have reported high SNS
activation to the heart, blood vessels, and kidneys, which
might be critical in the development of obesity-related
hypertension [42]. Indeed, Davy and Orr reviewed SNS
activity in human obesity and discussed the possibility of
SNS outflow being differentiated according to its target
organ, suggesting tissue specificity [10]. Direct evidence of
weak SNS activity was demonstrated in the present study by
recording the sympathetic firing rate in the superior cervical
ganglion of pre-diabetic obese rats. However, data obtained
from exercised, food-deprived, or fasted animals, as well as
animals treated with a sympathoexcitatory agent, showed

that when sufficiently stimulated, the SNS of MSG-obese
rodents can activate sufficiently to drive physiological
responses that are comparable to lean animals [21, 43–45].

Failed sympathoadrenal function has been described as
an important feature in the onset of obesity [46–48]. Accord-
ing to Jocken and Blaak, impaired catecholamine-induced
lipolysis can contribute to the adipose tissue development
[49]. Data obtained in our laboratory have demonstrated
that MSG-obese mice have decreased basal catecholamine
secretion from the adrenal medulla compared to nor-
mal mice [50]. Indeed, MSG-obese mice have diminished
adrenaline excretion and noradrenaline turnover in BAT
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compared to control mice [51, 52]. Nicotine significantly
increases noradrenaline turnover, BAT oxygen consumption,
and resting metabolic rate and significantly reduces body
weight in MSG-obese mice without affecting food intake
[43]. In support of a general reduction in SNS activity
in obesity, we found decreased plasma circulating levels of
adrenaline in pre-diabetic obese rats. Some authors have
concluded that these results indicate low sympathetic activity
that leads, at least in part, to decreased energy expenditure
and fat mobilisation [51, 52].

Our results also show that obese rats have an increased
catecholamine secretion response to all of the secretagogues
that were tested in the adrenal medulla incubations. We
believe that excitation-secretion coupling in adrenal chro-
maffin cells of pre-diabetic obese rats is physiologically pre-
served, as catecholamine secretion could still be induced by
membrane depolarisation (triggered by elevated extracellular
potassium), activation of cholinergic receptors (by carba-
chol), and calcium release from intracellular stores (triggered
by caffeine). The relatively high total catecholamine content
that we measured in obese rats may be the result of low
SNS activity, which contributes to reduced catecholamine
secretion.

TH catalyses the rate-limiting step in the biosynthe-
sis of the catecholamines dopamine, noradrenaline, and
adrenaline [53]. We previously reported that adult obese
mice have decreased expression of the enzymes TH and
dopamine beta-hydroxylase [25]. Similar TH results were
observed in obese rats. The results of our current study
also show that, despite this decrease in TH expression,
catecholamine content is increased in the adrenal gland of
prediabetic obese rats, which can be the result of decreased
pre-synaptic stimulation of adrenal medulla chromaffin
cells. Dysfunction of the SNS efferent signal produces low
blood adrenaline levels, as observed in MSG-obese rats.
Furthermore, TH expression may be considered a marker
of cholinergic activity, as stimulation of acetylcholine recep-
tors induces both TH enzyme activation and TH protein
expression [54]. Acetylcholine released from the splanchnic
nerve interacts with cholinergic receptors in the adrenal
medulla, leading to activation of several protein kinases,
including protein kinase C (PKC) [55], which catalyses TH
phosphorylation and TH gene transcription [53].

No significant difference in α-PKC expression was
observed in adrenal chromaffin cells of MSG-obese rats
compared to controls; however, additional studies of PKC
activity are needed to confirm this finding, as this kinase
is activated primarily via the muscarinic signalling pathway.
Indeed, Akaike et al. showed that PKC activation results
in potassium channel phosphorylation, which reduces the
channel’s conductance and consequently induces membrane
depolarisation, the latter of which contributes to increased
catecholamine secretion [56].

Disruption of glycaemia homeostasis is a hallmark of
obesity and is primarily attributed to insulin resistance [57–
59]. We found that MSG-obese rats are glucose intolerant,
confirming previously published results [36, 60, 61]. The
elevated insulin levels found in MSG-obese rats can reflect
insulin resistance. Molecular studies have demonstrated that

MSG-obese animals have a decrease in signalling of their
insulin-stimulated IRS/PI3K/Akt pathway in muscle and
adipose tissue, which may be an important hallmark of
insulin resistance of those animals [62]. Indeed, insulin
binding to membrane receptors in liver, skeletal muscle, and
adipocytes is decreased in MSG-obese rats [61].

The high insulin levels in pre-diabetic obese rats play
a central role in fat cell proliferation and insulin resistance
[62]. White adipose tissue in MSG-obese rats has elevated
lipogenesis capacity and compensatory responsiveness to
insulin by the Cbl and IRS2 pathways, which may mediate
the insulin antilipolytic effect [62]. When MSG-obese rats
undergo early vagotomy (at 30 days of life), hyperinsuli-
naemia is blocked, and fat accumulation is dramatically
reduced [63]. Indeed, surgery to remove fat in 15-week-
old MSG-obese rats improved their lipid profile and insulin
resistance [64].

Furthermore, these results show that hyperinsulinaemia
in obese rats is sustained by increased glucose responsiveness
in isolated pancreatic islets. Increased responsiveness to
glucose by pancreatic islets is also a feature of other obesity
models and may be an adaptation to altered ANS tonus
to endocrine pancreas with high parasympathetic activity
[65, 66]. Early vagotomy prevents high-glucose-stimulated
insulin secretion in MSG-obese rats [36]. Indeed, pancreatic
islets from Zucker (fa/fa) rats, a genetic animal model of obe-
sity, also have a high response to glucose, and islets from these
animals have high levels of glucose utilisation and oxidation,
which contribute to their observed hyperinsulinaemia [67].

Alpha-adrenergic activation has an inhibitory effect on
glucose-stimulated insulin secretion, and this is accentuated
in islets obtained from pre-diabetic obese rats, indicating
that SNS tonus to islets may be reduced in obese rats. Islets
isolated from both ob/ob mice and Zucker (fa/fa) rats, two
genetic models of obesity, have higher responsiveness to
the inhibitory action of noradrenaline [68, 69]. Cruciani-
Guglielmacci et al. investigated an animal model of obesity
obtained by a high-fat diet and reported that these animals
developed severe glucose intolerance and insulin resistance
that were due to increased glucose-induced insulin secretion.
The authors further showed that injections of the α2-
adrenergic receptor agonist oxymetazoline (even at low
concentrations) reduced glucose-induced insulin secretion
in the obese group; this effect was not observed in the control
group. Low SNS activity in rats that received a high-fat
diet may be responsible for their islet hypersensitivity to
oxymetazoline, as concluded by the authors [70]. Our results
also showed that oxymetazoline causes a profound decrease
in blood insulin concentration in pre-diabetic obese rats,
which suggests that insulin secretion is potently inhibited.

5. Conclusions

Our data support the hypothesis that MSG-obesity onset is
dependent on reduced sympathetic tonus, including sym-
pathoadrenal axis activity; however, physiologically, adrenal
medulla function is preserved in these rats. Our data show
that the low SNS activity observed in pre-diabetic obese
rats leads to reduced basal catecholamine secretion from the
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adrenal medulla, which reflects a decreased concentration
of plasma adrenaline. Indeed, the latter may contribute to
the pancreatic islet’s high sensitivity to adrenaline, indicating
that the inhibitory effect of catecholamines on insulin
secretion may be impaired in pre-diabetic obese rats. In
addition to helping understand the mechanisms underlying
obesity, this study may be helpful in developing strategies for
treating and preventing the onset of obesity and diabetes by
targeting sympathoadrenal axis activation.
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of postnatal administration of monosodium glutamate on
insulin action in adult rats,” Physiological Research, vol. 49, no.
1, pp. S79–S85, 2000.



Experimental Diabetes Research 11

[62] A. C. P. Thirone, J. B. C. Carvalheira, A. E. Hirata, L. A. Velloso,
and M. J. A. Saad, “Regulation of Cbl-associated protein/Cbl
pathway in muscle and adipose tissues of two animal models
of insulin resistance,” Endocrinology, vol. 145, no. 1, pp. 281–
293, 2004.

[63] S. L. Balbo, P. C. Mathias, M. L. Bonfleur et al., “Vagotomy
reduces obesity in MSG-treated rats,” Research Communica-
tions in Molecular Pathology and Pharmacology, vol. 108, no.
5-6, pp. 291–296, 2000.

[64] Y. W. Kim, J. Y. Kim, and S. K. Lee, “Surgical removal of vis-
ceral fat decreases plasma free fatty acid and increases insulin
sensitivity on liver and peripheral tissue in monosodium
glutamate (MSG)-obese rats,” Journal of Korean Medical
Science, vol. 14, no. 5, pp. 539–545, 1999.

[65] B. Jeanrenaud, “Neuro-endocrine disorders in obesity,” Inter-
national Journal for Vitamin and Nutrition Research, vol. 29,
pp. 41–48, 1986.

[66] P. Mitrani, M. Srinivasan, C. Dodds, and M. S. Patel, “Auto-
nomic involvement in the permanent metabolic programming
of hyperinsulinemia in the high-carbohydrate rat model,”
American Journal of Physiology, vol. 292, no. 5, pp. E1364–
E1377, 2007.

[67] C. J. Nolan, J. L. Leahy, V. Delghingaro-Augusto et al., “Beta
cell compensation for insulin resistance in Zucker fatty rats:
increased lipolysis and fatty acid signalling,” Diabetologia, vol.
49, no. 9, pp. 2120–2130, 2006.

[68] E. G. Cawthorn and C. B. Chan, “Effect of pertussis toxin on
islet insulin secretion in obese (fa/fa) Zucker rats,” Molecular
and Cellular Endocrinology, vol. 75, no. 3, pp. 197–204, 1991.

[69] T. M. Tassava, T. Okuda, and D. R. Romsos, “Insulin secretion
from ob/ob mouse pancreatic islets: effects of neurotransmit-
ters,” American Journal of Physiology, vol. 262, no. 3, pp. E338–
E343, 1992.

[70] C. Cruciani-Guglielmacci, M. Vincent-Lamon, C. Rouch, M.
Orosco, A. Ktorza, and C. Magnan, “Early changes in insulin
secretion and action induced by high-fat diet are related to a
decreased sympathetic tone,” American Journal of Physiology,
vol. 288, no. 1, pp. E148–E154, 2005.



Hindawi Publishing Corporation
Experimental Diabetes Research
Volume 2011, Article ID 761950, 7 pages
doi:10.1155/2011/761950

Review Article

Exocrine Pancreatic Insufficiency in Diabetes
Mellitus: A Complication of Diabetic Neuropathy or
a Different Type of Diabetes?

Philip D. Hardt and Nils Ewald

Third Medical Department, University Hospital Giessen and Marburg, Giessen Site, Klinikstraße 33, 35392 Giessen, Germany

Correspondence should be addressed to Philip D. Hardt, philip.d.hardt@innere.med.uni-giessen.de

Received 27 March 2011; Accepted 25 May 2011

Academic Editor: Stavros Liatis

Copyright © 2011 P. D. Hardt and N. Ewald. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Pancreatic exocrine insufficiency is a frequently observed phenomenon in type 1 and type 2 diabetes mellitus. Alterations of
exocrine pancreatic morphology can also be found frequently in diabetic patients. Several hypotheses try to explain these findings,
including lack of insulin as a trophic factor for exocrine tissue, changes in secretion and/or action of other islet hormones, and
autoimmunity against common endocrine and exocrine antigens. Another explanation might be that diabetes mellitus could also
be a consequence of underlying pancreatic diseases (e.g., chronic pancreatitis). Another pathophysiological concept proposes the
functional and morphological alterations as a consequence of diabetic neuropathy. This paper discusses the currently available
studies on this subject and tries to provide an overview of the current concepts of exocrine pancreatic insufficiency in diabetes
mellitus.

1. Introduction

Decades ago research groups interested in the pancreas
demonstrated that pancreatic exocrine insufficiency (PEI)
is present in a considerable percentage of patients with
diabetes mellitus. These early studies were performed by
direct pancreatic function tests (e.g., secretin-pancreozymin
test). PEI was demonstrated not only in about 50% of
patients with insulin-dependent diabetes (IDDM) but also
in 30–50% of non-insulin-dependent diabetes (NIDDM) [1–
6]. Apart from these functional studies it was also observed
that pancreas morphology is altered in many patients with
diabetes mellitus. In IDDM the weight of pancreata was
reduced as compared to healthy controls [7, 8] and there
were histological aspects of pancreatic atrophy [9]. Before the
introduction of imaging techniques such as ultrasound, CT,
and MRI, morphological studies of the pancreas in vivo were
difficult. Therefore the collection of data was limited to very
small numbers of patients.

While in most of the discussions and comments the
finding of altered pancreatic function and morphology was

interpreted as a complication of diabetes mellitus, some
scientists suggested that a high percentage of (previously not
diagnosed) pancreatic diabetes might be a better explanation
[2]. However, early studies on pancreatic function in diabetes
were also limited to a rather small number of patients. This
was due to the invasive nature of these test procedures includ-
ing tube application into the duodenum and continuous
aspiration of duodenal secretion for several hours.

In the last two decades of the 20th century indirect
pancreatic function test became available. Especially the
measurement of fecal elastase 1 concentrations (FECs) that
can easily be performed in any setting proved rather good
sensitivity and specificity [10–14]. Using these new indirect
tests, the prevalence of PEI in diabetes mellitus could be
demonstrated to be as high as in the earlier studies: nearly
every second IDDM patient and one out of three NIDDM
patient shows PEI [15–19]. The introduction of ultrasound,
CT, and MRI did facilitate the investigation of pancreas
morphology in vivo resulting in new research activity in the
field.
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The features of modern diagnostic techniques of pan-
creatic function and morphology allowed the investigation
of large patient cohorts. Therefore the reasons for PEI and
morphological changes in diabetes can now be interpreted
on a more solid data base.

In the present paper the relevant literature in this
context is reviewed and discussed. If the thesis of a relevant
percentage of pancreatic diabetes cases proves true, this
will have major impact on our diagnostic and therapeutic
strategies.

2. Material and Methods

A Medline-search was performed (March 14th, 2011) using
the following search terms: (a) diabetes mellitus and exocrine
pancreatic insufficiency (PEI); (b) diabetes mellitus and
elastase 1; (c) diabetes mellitus and pancreatitis; (d) diabetes
mellitus and exocrine pancreatic function; (e) pancreas
morphology and diabetes.

The search terms revealed the following number of
quotations: (a) diabetes mellitus and exocrine pancreatic
insufficiency (PEI): 279; (b) diabetes mellitus and elastase 1:
109; (c) diabetes mellitus and pancreatitis: 2321; (d) diabetes
mellitus and exocrine pancreatic function, 1060; (e) pancreas
morphology and diabetes: 9902.

Most of the papers addressed problems that are not
directly related to the interest of the present review, for
example diabetes and pancreatic cancer or pancreas/islet
transplantation in diabetes mellitus. These were not further
evaluated. The remaining articles were checked for the
prevalence of PEI in diabetes mellitus, the prevalence of
pancreatic diabetes (type 3c), morphological changes of the
pancreas in diabetes mellitus, and the different hypotheses
discussed in the context.

3. Results and Discussion

3.1. Pancreatic Exocrine Function in Diabetes Mellitus. Before
the introduction of indirect function tests several studies
have been performed using direct methods. Table 1 shows
the results reported in these. On average, PEI was reported
in 52.4% (18–100%) of patients with diabetes mellitus. PEI
was reported more often in patients with IDDM. However,
in some of the studies it was observed equally often in
NIDDM. In Table 2 the results of studies using indirect
function tests are shown. On average 51% (26–74%) of
patients with IDDM and 32% (28–36%) of patients with
NIDDM showed abnormal exocrine function. While fecal
elastase 1 concentrations (FECs) are considered a diagnostic
tool for pancreatic function of unknown direct relevance for
the clinical situation in terms of maldigestion and associated
symptoms, it has also been shown in the meantime that
in fact steatorrhea can be detected in 60% of patients
with diabetes mellitus and reduced FEC [26]. In another
previous study it was demonstrated that in 74% of patients
classified as type 1 diabetes mellitus steatorrhea was present
and steatorrhea correlated inversely with FEC concentrations
[27]. While one follow-up study in only 20 patients claimed
that a progression of PEI is rare in diabetes mellitus [28],

it must be concluded from the information presently avail-
able that in patients with diabetes mellitus PEI is not only
very frequent in terms of pathological function tests but
also in terms of fat maldigestion. This finding might explain
abdominal symptoms in patients with diabetes mellitus.
Qualitative malnutrition (fat soluble vitamins) must also
be considered. Most interestingly, the incretin action might
be altered in patients with steatorrhea [29] as the secretion
of incretins depends on the presence of digestive products
inside the digestive tract [30].

3.2. Pancreatic Exocrine Morphology in Diabetes Mellitus.
Autopsy studies and studies on pancreas histology showed
marked changes in the exocrine gland in patients with
diabetes mellitus as compared to nondiabetic controls.
Blumenthal reported signs of chronic inflammatory changes
of the exocrine pancreas in 11.2% of patients with diabetes
mellitus as compared to 5.3% in nondiabetic patients [31].
In another autopsy study Olsen reported the percentage of
exocrine pancreatic atrophy in diabetic patients to be 19%
compared to 7% in controls [32]. In patients with long-
lasting type 1 diabetes mellitus a reduced weight of the gland
was reported [7, 8]. It was also observed that in IDDM
patients there is histological evidence of exocrine pancreas
atrophy [7, 9]. Even within only 24 hours after the diagnosis
of type 1 diabetes mellitus, severe atrophy of exocrine tissue
around beta cells without remaining insulin activity could
be found while around beta cells with remaining insulin
content no acinar atrophy could be observed [33]. Rahier
et al. showed a clear reduction of weight in the glucagon-
rich lobe, but no atrophy in the pancreatic-polypeptide-rich
lobe despite the lack of beta cells (and therefore the lack of
insulin) [34]. In clinical medicine changes of pancreatic duct
morphology in patients with diabetes mellitus similar to the
changes observed in chronic pancreatitis were observed at
ERCP procedures [35, 36].

With the introduction of the abdominal ultrasound as
a diagnostic tool, the investigation of the pancreas became
easier. There are several studies reporting a reduced size of
the pancreas in patients with diabetes mellitus. Compared to
sex- and age-matched controls the pancreata of children and
adolescents with type 1 diabetes mellitus appeared clearly
smaller [37]. Similar ultrasound changes were demonstrated
in adults with type 1 and type 2 diabetes mellitus [38] and by
use of CT and MRI technology [39, 40].

3.3. Hypothesis Explaining Pancreatic Damage in Patients with

Diabetes Mellitus

3.3.1. Insulin as a Trophic Factor for Exocrine Tissue. In the
second half of the last century it was shown that insulin
acts as a trophic factor on acinar tissue [41]. There is a
kind of portal vessel system supplying acinar cells directly
with blood from nearby islets. Acinar cells located closely
to these vessels are bigger and produce more enzymes than
those located more distant [42]. But insulin is not only
a local trophic factor, it also increases the enzyme output
from cultivated islets [43]. In rats with glucose-stimulated
insulin secretion the amount of total amylase and protein
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Table 1: Results of direct pancreatic function tests in patients with diabetes mellitus.

Author Year Subjects/diabetes type Methods Results

Pollard et al. [1] 1943 13
Amylase and lipase after

pancreozymin-secretin stimulation
62% reduced

Chey et al. [2] 1963 50 diabetic patients; 13 juvenile type
Amylase and lipase after

pancreozymin-secretin stimulation
Low amylase output in diabetes:
36%; in juvenile diabetes: 77%

Vacca et al. [3] 1964
55 diabetic patients
(22 insulin treated)

Diastase and bicarbonate after
secretin stimulation; fecal fat

73% abnormal; correlation with
age, no correlation with fecal fat

Frier et al. [4] 1976 20 IDDM, 7 NIDDM, 13 controls
Stimulation with iv secretin and

CCK-PZ
PEI: 80% IDDM; correlation with

diabetes duration

Harano et al.
[20]

1978 53 NIDDM, 4 IDDM, 18 controls Secretin-pancreozymin test
Diabetes: 69% deficient enzyme
output; correlation with diabetes

control

Lankisch et al.
[5]

1982 53 IDDM Secretin-pancreozymin test Diabetes: 43% impaired function

Bretzke et al.
[21]

1984
60 insulin-treated type 2 diabetic

patients
Secretin-pancreozymin test Diabetes: 27% “mild PEI”

El Newihi et al.
[22]

1988
10 type 2 diabetic patients with

diarrhea and neuropathy
Secretin and CCK test

Enzyme and bicarbonate reduction
in all subjects

Table 2: Results of indirect pancreatic function tests in patients with diabetes mellitus.

Author Year Subjects/diabetes type Methods Results

Hardt and Kloer [23] 1998
128

type 1+2
Fecal chymotrypsin

Fecal elastase 1
45% <6 U/I

46% <200 μg/g

Hardt et al. [15] 2000
39 type 1
77 type 2

Fecal elastase 1
74% <200 μg/g
36% <200 μg/g

Icks et al. [18] 2001 112 type 1 Fecal elastase 1 54.5% <200 μg/g

Rathmann et al. [17] 2001 544 type 2 Fecal elastase 1 30.3% <200 μg/g

Hardt et al. [16] 2003
323 type 1
697 type 2

Fecal elastase 1
51% <200 μg/g
35% < 200 μg/g

Nunes et al. [24] 2003 42 type 1+2 Fecal elastase 1 36% <200 μg/g

Yilmaztepe et al. [25] 2005 32 type 2 Fecal elastase 1 28% <200 μg/g

Cavalot et al. [19] 2004 66 type 1 Fecal elastase 1 26% <200 μg/g

content is higher than that in diabetic rats [42]. From these
observations in animal models and cell culture models it
has been concluded that pancreatic atrophy as observed in
some patients with diabetes mellitus might result from a
lack of local trophic insulin effects. This hypothesis was
supported by the fact that patients without any beta cell
function display more obvious morphological changes than
those with some residual insulin secretion [44]. Therefore
it appears to be possible that local insulin depletion might
explain morphological changes and exocrine dysfunction in
some of the patients with diabetes mellitus. This concept was
further supported by the observations of Cavalot et al. who
reported a correlation between residual beta cell function
and FEC [19]. However, if the local presence of insulin had
such a major trophic effect, it is difficult to understand why
about 50% of patients with type 1 diabetes do not show any
relevant changes of the exocrine pancreas. Furthermore this
hypothesis does not explain the findings in patients with type
2 diabetes mellitus since there is no local lack of insulin to be
expected, at least in the early stages of the disease.

In conclusion the concept of a lack of local trophic insulin
action might explain some of the phenomena observed;
however it cannot explain the whole phenomenon.

3.3.2. Changes in Secretion/Action of Other Islet Hormones.
Apart from the changes in insulin secretion or action,
other islet cell hormones are also known to act differently
in patients with diabetes mellitus as compared to healthy
controls. Some of them play an important role in the
regulation of digestive and metabolic functions and therefore
they might also lead to a dysregulation of the exocrine
pancreatic function [45]. As a consequence atrophy might
result. A persisting elevation of glucagon levels as observed
in some diabetic patients has been suggested to contribute
to exocrine damage and dysfunction [46, 47]. Somatostatin
is a relevant regulator of exocrine function [48], and ele-
vated levels, as described in streptozotocin-induced diabetes
mellitus, have been shown to reduce exocrine pancreatic
function [49]. While changes in glucagon and somatostatin
secretion might also contribute to exocrine damage in some
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of the patients with diabetes mellitus, they also do not fully
explain the phenomena described in detail above. Some of
the studies were only performed in animal models. and, more
importantly, the patterns of secretory changes differ in type
1 and type 2 diabetes mellitus.

3.3.3. Autoimmunity. Autoimmune pancreatitis has gained
more attention previously. In the different types of the
disease that have been described an involvement of both,
exocrine and endocrine tissue, is very frequent. Diabetes
mellitus associated with autoimmune pancreatitis can be
treated by steroids, and it can even be cured if the
autoimmune attack can be stopped [50, 51]. Apart from
these cases exocrine antigens might also play a role in the
induction of autoimmunity against beta cells in the absence
of classical autoimmune diabetes. Some decades ago it has
been demonstrated mainly from Japanese scientists that in
some subtypes of diabetes mellitus antibodies are present
which are directed against exocrine antigens. Kobayashi et
al. described antibodies against pancreatic cytokeratin in
39% of recent onset patients classified as type 1 diabetes
mellitus and in 20% of their relatives. In type 2 diabetes
mellitus patients only 0.9% had relevant antibody titers.
The authors suggested that the ultrastructure of exocrine
tissue might be involved in the pathogenesis of type 1
diabetes mellitus [52]. Another antibody against exocrine
tissue (BSDL) was found in 73.5% of patients at diagnosis of
type 1 diabetes mellitus [53]. Imagawa et al. even suggested
the introduction of a new diabetes type: patients with
rapid loss of insulin secretion but without the presence of
islet- or insulin-associated autoimmunity. On histological
samples their patients displayed a marked inflammation in
the exocrine tissue with elevated levels of pancreatic enzymes
[54]. In another study antibodies against lactoferrin or
carbonic anhydrase (both directed against exocrine targets)
were present in 77% of patients classified as type 1 diabetes
mellitus [55].

While the quantitative input of autoimmune pancreatitis
associated with diabetes mellitus surely is rather small, the
possible relevance of exocrine antigens in the pathogenesis
of autoimmune diabetes deserves further attention.

3.3.4. Diabetes Mellitus as a Consequence of Underlying Pan-
creatic Diseases. While PEI might be induced by diabetes
mellitus, it could as well be the other way around as it
has been proposed as early as 1963 by Chey et al. [2].
Different pancreatic diseases are known to induce diabetes
mellitus, including different types of pancreatitis, pancreatic
carcinoma, cystic fibrosis, and hemochromatosis. However,
these diseases are believed to contribute to the burden of
diabetes mellitus in only about 1% of all cases [56, 57]. The
possibility that the prevalence of pancreatic diabetes might
well be much higher than 1% has been discussed in detail
elsewhere [58] and will not be issue of the present paper.

Additionally to those hypotheses explaining pancre-
atic damage in patients with diabetes mellitus, pancreatic
exocrine insufficiency might also be interpreted as a compli-
cation of diabetic neuropathy.

3.4. Pancreatic Exocrine Insufficiency as a Complication of
Diabetic Neuropathy. Diabetic neuropathy (DN) is a com-
plication of diabetes mellitus that might occur in the time
course of the disease. While the prevalence of DN is about
4–7.5% at the time of diagnosis, it is observed in 15–50%
of the patients after 20–25 years of diabetes mellitus [59].
Autonomic neuropathy can affect not only the cardiovascular
system, but also different functions of the digestive tract.
Gastrointestinal motor disorders, for example, gastroparesis,
diabetic diarrhea, diabetic obstipation, and fecal inconti-
nence as a complication of diabetes mellitus have been
described in detail [60]. It seems obvious that some of
the gastrointestinal symptoms that occur in patients with
diabetes mellitus are caused by DN. On the other hand,
diabetic diarrhea and bloating might arise from the exocrine
insufficiency that is probably even more common than DN
in patients with diabetes mellitus. Since the regulation of
enzyme synthesis and secretion does not only depend on
gastrointestinal hormones produced somewhere else but also
on local neurons and their signals, exocrine insufficiency
itself could be caused by DN. This possibility has been taken
into consideration in several studies dating back to the last
century. However, one main argument against the assump-
tion that DN might cause PEI was the lack of correlation
between the duration of diabetes mellitus and the finding
of exocrine insufficiency [2, 3]. However, more recently two
studies [19, 61] demonstrated a significant increase of PEI
in the time course of diabetes mellitus. Cavalot had shown
earlier that fecal elastase 1 levels are correlated with the
remaining C-peptide levels in 37 patients with type 1 diabetes
mellitus suggesting that the remaining insulin presence
might be of relevance for exocrine pancreatic function. While
this explanation was in contrast to most other publications at
that time, the finding could also be interpreted differently:
C-peptide levels are known to decrease by time in type 1
diabetes mellitus while the probability of DN does increase.
In fact, there was also a weak inverse correlation between
diabetes duration and PEI despite the small number of
individuals included in the study [26]. A more recent study
by Ewald et al. involved data from 307 patients with different
types of diabetes. Diabetes duration was inversely correlated
with fecal elastase 1 concentrations (P = 0.004), and there
was also a correlation between C-peptide levels and FEC
(P < 0.001) [61]. The fact that earlier studies missed to
show a correlation between disease duration and exocrine
pancreatic function might be explained by smaller patient
numbers that had been included into these studies.

Mechanisms linking exocrine pancreatic insufficiency
might be the impairment of enteropancreatic reflexes or
changes in gastrointestinal peptides. Enteropancreatic reflex-
es for example are known to play an important role in pan-
creatic responses, and according to older data as much as
50% of the exocrine pancreatic response to a meal may be
mediated by enteropancreatic reflexes [22]. Interruption of
the enteropancreatic reflexes by an autonomic neuropathy
might therefore severely impair exocrine pancreatic function.
Yet data on this topic is scarce and further research is strongly
encouraged.
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4. Conclusion

In the light of the literature reviewed for this paper there is
clear evidence that both pancreas morphology and exocrine
pancreatic function are very frequently and severely altered
in patients with different types of diabetes mellitus. Several
hypotheses have been discussed to explain these findings.
A high prevalence of diabetes caused by pancreatic dis-
eases (including autoimmune pancreatitis) appears unlikely
because pancreatic diseases themselves have a low prevalence
according to the clinical literature. Lack of local trophic
insulin action causing acinar atrophy does not explain the
fact that most patients with type 1 diabetes mellitus have no
signs of exocrine changes. If local insulin deficiency was the
main issue, an exocrine involvement should be expected in all
patients with type 1 diabetes mellitus. The assumption that
changes in hormonal secretion patterns in diabetic patients
might explain exocrine pathology is also very unlikely for
different reasons. However, as the prevalence of pancreatic
exocrine insufficiency increases with decreasing C-peptide
levels and over time, exocrine involvement might well be
interpreted as a complication of diabetes mellitus that could
be caused by diabetic neuropathy. At present, only very few
studies directly interested in possible correlations between
diabetic neuropathy and exocrine pancreatic dysfunction are
available. There is one study by Vesterhus et al. describing
a predominantly demyelinating neuropathy in a special
diabetes type caused by a mutation in the CEL gene that
includes pancreatic insufficiency. However, the presence of
neuropathy was mainly attributed to the low vitamin D levels
caused by PEI [62]. The second observation was made in a
single case where neuropathy was also interpreted as a conse-
quence of PEI in diabetes mellitus [63]. Larger studies on the
association of diabetic neuropathy and exocrine pancreatic
insufficiency should therefore be strongly encouraged.
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