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ABSTRACT

Cardiovascular autonomic neuropathy (CAN) is a common complication of diabetes, which
results in disabling clinical manifestations and may predispose to sudden cardiac death. Re-
cently, direct scintigraphic assessment of cardiac sympathetic integrity has become possible
with the introduction of radiolabeled analogues of norepinephrine, which are actively taken
up by the sympathetic nerve terminals of the heart. This article reviews how these techniques
have been utilized to improve understanding of CAN complicating diabetes. Quantitative
scintigraphic assessment of cardiac sympathetic innervation heart is possible with either [123I]-
metaiodobenzylguanidine (MIBG) and single photon emission computed tomography
(SPECT) or [11C]-hydroxyephedrine (HED) and positron emission tomography (PET). Studies
in diabetic patients have explored the sensitivity of these techniques to detect CAN, charac-
terize the effects of glycemic control on the progression of CAN and evaluate the effects of
CAN on myocardial electrophysiology, blood flow regulation and function. Deficits of left
ventricular (LV) [123I]-MIBG and [11C]-HED retention have been identified in diabetic sub-
jects without abnormalities on cardiovascular reflex testing consistent with increased sensi-
tivity to detect CAN. Poor glycemic control results in the progression of LV tracer deficits,
which can be prevented or reversed by the institution of near-euglycemia. Deficits begin dis-
tally in the LV and may extend proximally. Paradoxically, however, absolute HED retention
is increased in the proximal segments of the severe CAN subjects consistent with regional
“hyperinnervation.” These regions also exhibit abnormal blood flow regulation. Impaired
myocardial MIBG uptake correlates with altered LV diastolic filling and myocardial electro-
physiological deficits and is predictive of sudden death. Scintigraphic studies have provided
unique insights into the effects of diabetes on cardiac sympathetic integrity and the patho-
physiological consequences of LV sympathetic dysinnervation. Future studies using comple-
mentary neurotransmitter analogues will allow different aspects of regional dysfunction to
be characterized with the aim of developing therapeutic strategies to prevent or reverse CAN.
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INTRODUCTION

CARDIOVASCULAR AUTONOMIC NEUROPATHY

(CAN) commonly complicates diabetes
with widespread adverse clinical consequences,
including refractory postural hypotension,1 pe-

ripheral edema and neuropathy,2 and enhanced
cardiac mortality.3–5 Indeed, CAN has been in-
voked in sudden cardiac death even in diabetic
subjects without myocardial ischemia.3–7 His-
torically, the diagnosis of CAN has been per-
formed utilizing cardiovascular reflex tests as-
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sessing heart rate variability (HRV).8 Abnor-
malities of cardiovascular reflex testing can be
identified in 16–20% of diabetic subjects,8–14 but
symptoms of autonomic dysfunction are much
rarer.15,16 CAN may be broadly categorized into
sympathetic and parasympathetic components,
both of which are affected by diabetes. Cardio-
vascular reflex assessments are particularly sen-
sitive at detecting abnormalities of parasympa-
thetic function,14 but are less useful for the
characterization of sympathetic deficits, which
may only become evident when quite advanced.
Additionally, the utility of reflex tests of auto-
nomic integrity is limited by their inability to di-
rectly characterize autonomic dysfunction,
which is necessary to determine the pathophys-
iological consequences of CAN. Since in dia-
betes complicated by CAN, the highest mortal-
ity rates appear to correspond to advanced
deficits of cardiovascular sympathetic innerva-
tion,3 a technique for direct quantitation of car-
diac sympathetic deficits is highly desirable.

Recently, scintigraphic techniques have
emerged as important tools to directly assess
cardiac autonomic integrity. Scintigraphic as-
sessment of cardiovascular autonomic integrity
is limited to the sympathetic component in part
because of the relative sparsity of myocardial
parasympathetic innervation. Direct assess-
ment of cardiac sympathetic integrity in man
has become possible with the introduction of
radiolabeled analogues of norepinephrine
(NE), which are actively taken up by the sym-
pathetic nerve terminals of the heart.17–27 These
tracers are taken up into the neuron by energy-
dependent uptake–1,27,28 are nonmetabolized,
and therefore identify the location of function-
ing sympathetic nerve terminals. Quantitative
scintigraphic assessment of the pattern of sym-
pathetic innervation of the human heart is pos-
sible with either [123I]-metaiodobenzylguani-
dine (MIBG) or [11C]-hydroxyephedrine
(HED). These techniques may offer greater sen-
sitivity to detect subtle degrees of CAN than is
possible by reflex testing, and have emerged as
useful tools to characterize the effects of dia-
betes on myocardial sympathetic innervation.

This article summarizes the results of stud-
ies using these tracers in patients with diabetes,
which have thrown new light on this poorly
understood chronic complication. These stud-

ies have characterized the pattern of cardiac
dysinnervation complicating diabetes, high-
lighted the importance of glycemic control in
the development and/or progression of CAN,
and have offered insights into the potential ef-
fect of CAN on myocardial electrophysiology,
blood flow regulation, and function.

METHODS

Scintigraphic characterization of cardiac sympa-
thetic integrity

MIBG. Radiolabeled analogues of NE have
been designed to closely mimic the neuronal ki-
netics of NE.28 NE undergoes highly efficient
and dynamic recycling in the heart. NE is re-
leased exocytotically from neuronal vesicles
into the interstitium, is retaken up into the neu-
ronal cytoplasm by the uptake-1 transporter
and then is either degraded by monoamine ox-
idase (MAO) or undergoes reuptake into neu-
ronal vesicles.28 The first radiotracer developed
for clinical studies of cardiac sympathetic in-
tegrity (and still the most widely utilized) is
MIBG,29–31 a guanethidine derivative. This tracer
is taken up into the postganglionic presyn-
aptic sympathetic nerve terminals, stored in
synaptic vesicles and is not metabolized by
MAO.28 The specificity of MIBG for the sym-
pathetic nerve terminals has been demonstrated
in animal models, since myocardial MIBG re-
tention, is dramatically reduced by disruption
of sympathetic integrity by procedures such as
the epicardial application of phenol,32–34 ad-
ministration of 6-hydroxydopamine,30,32 or
myocardial infarction.32,35 Decreased MIBG re-
tention correlated with reduced myocardial NE
content30,32,33 and disruption of electrophysio-
logical responses.34 In humans, myocardial
MIBG retention is markedly reduced in the de-
nervated, transplanted heart32,36 consistent
with a neuronal localization. However, impor-
tant quantitative differences in the kinetics of
MIBG have emerged compared to NE30,37,38

suggesting that both nonspecific tissue uptake
and washout may be increased.31 Despite the
abundance of clinical studies utilizing this com-
pound, the intraneuronal distribution of MIBG
is relatively poorly characterized and may dif-

STEVENS10



fer across species. Reserpine (a blocker of vesic-
ular NE uptake) for example, decreases the re-
tention of MIBG in dog adrenal glands, sug-
gesting a predominant intravesicular storage
site.29 In rats, however, 50% of MIBG may re-
side in a nonneuronal compartment.39 The pre-
cise intraneuronal localization of MIBG in man
is unclear.

The methodology for the quantitation of
myocardial MIBG retention varies between dif-
ferent laboratories. [123I]-MIBG is injected in-
travenously and single photon emission com-
puted tomography (SPECT) commenced
shortly postinjection using a gamma camera
with a large field of view. Typically, imaging
starts at a 45° right anterior oblique position
and proceeds counterclockwise at 6° incre-
ments over 180° circular orbit (60 sec/step).
The SPECT study is repeated 2–4 h after tracer
injection, prefiltered and then transaxial tomo-
graphic images reconstructed by filtered back
projection. Horizontal and vertical long axis
sections and short axis slices are generated.19

Short axis views are used for evaluation of
[123I]-MIBG uptake and washout. Early and late
images are visually analyzed to evaluate ho-
mogeneity of myocardial [123I]-MIBG distribu-
tion. Representative cuts are taken at basal,
mid-ventricular and apical levels and each di-
vided into segments. Global myocardial [123I]-
MIBG uptake can be quantified in
counts ? min21 ? mL21 tissue which is normal-
ized to injected dose and body weight. Mean
values of [123I]-MIBG uptake are calculated in
each myocardial region of interest.25 The im-
ages can be normalized to the highest pixel
value in the LV and expressed as a percentage
of this value. Uptake of [123I]-MIBG may also
be presented as heart/mediastinal ratio and the
clearance rate from the myocardium calculated
as the initial myocardial [123I]-MIBG uptake—
delayed myocardial [123I]-MIBG uptake/initial
myocardial [123I]-MIBG uptake 3 100. A semi-
quantitative analysis involves scoring images
by blinded observers using a scoring system for
each segment, which typically ranges from ab-
sence of detectable tracer to normal tracer re-
tention and a “defect score” obtained.

HED. More recently, the radiotracer [11C]-HED
([a N-[11C]methyl-metaraminol) has been de-

veloped as a NE analogue for PET.21,27,40 This
tracer shares many of the kinetic properties de-
scribed above for MIBG in that it undergoes
highly specific and rapid uptake into the neu-
ron by energy-dependent uptake–1 and is
nonmetabolized.28 Retention of [11C]-HED in
the heart is dependent upon continuous recy-
cling into and out of the neuron27,28 and neu-
ronal retention requires intact vesicular stor-
age. Nonneuronal [11C]-HED retention is low,
and its extraction from blood to the neuronal
axoplasm very high28 suggesting that its reten-
tion in the myocardium reflects the presence of
intact neuronal terminals. Compared to MIBG,
cross-species tracer kinetics may be more uni-
form. In the rat and canine heart for example,
pharmacological inhibition of neuronal up-
take–1 with desipramine or inhibition of vesic-
ular storage with reserpine produces a .90%
reduction of tracer retention,27,28 indicating the
high specificity of this tracer for neuronal bind-
ing sites. [11C]-HED has been extensively eval-
uated in diabetic patients,17,21,24 and in subjects
whom have suffered neuronal loss secondary
to ischemic heart disease.41 In the transplanted
human heart, studies using [11C]-HED have
demonstrated increased tracer retention in the
proximal anterior wall which correlated with
presence of axons on histological assessment42

and with increased coronary blood flow in re-
sponse to sympathetic activation,42 thus con-
firming the neuronal specificity of HED-PET
and its ability to quantitate regional sympa-
thetic reinnervation. However, this tracer also
has important limitations, since its very rapid
uptake from the interstitium to neuronal axo-
plasm by uptake-1 results in highly flow de-
pendent tissue uptake and difficulty in quanti-
tation of the uptake-1 component of tracer
kinetics using compartmental modeling.28

Evaluation of myocardial retention of [11C]-
HED can be performed semiquantitatively or
quantitatively. Cardiac PET imaging is per-
formed using , 20 mCi [11C]-HED and 20 mCi
[13N]-ammonia over 60 min.21,24 Fifteen con-
tiguous transaxial images (oriented perpendic-
ular to the sagittal and coronal planes of the
body) with a slice thickness of 6.75 mm can be
obtained. Following a 15-min transmission
study, tracer is injected intravenously and data
acquired dynamically in frame mode to deter-
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mine tracer activity in both the blood and my-
ocardium.21,24 After waiting 1 h for the 11C de-
cay after the end of data acquisition, resting
myocardial perfusion is evaluated using [13N]-
ammonia. Emission data are attenuation cor-
rected and reconstructed using filtered back
projection. Images are realigned perpendicular
to the long axis of the LV yielding eight short
axis views (slice thickness of 0.8 cm) of myo-
cardial tracer distribution extending from the
apex to the base of the LV.

The homogeneity of LV [11C]-HED retention
is assessed by performing circumferential
count-profile analysis on each of the eight
short-axis images. Each short-axis slice is di-
vided into 36 angular regions of interest (“sec-
tors”) and the myocardial concentration of
[11C]-HED in each sector is determined. Re-
gional variation of myocardial retention of
[11C]-HED is assessed by dividing the mean
PET counts in each of the sectors by the value
found in the sector containing the maximum
mean PET counts. These normalized [11C]-HED
retention data are displayed as polar coordi-
nate maps of relative tracer activity. The map
can divided into nine regions as shown
schematically in Figure 1. In this map, the LV
myocardium is depicted with the apex at the
center, the distal LV segments (anterior, septal,

inferior, and lateral) as the inner ring, and the
corresponding proximal segments as the outer
ring. The heterogeneity of regional LV [11C]-
HED retention in each diabetic patient is com-
pared to the normal reference distribution by
calculating a z-score, zi 5 (qi 2 mi)/si, where qi
is the relative [11C]-HED retention value in the
ith sector value of the diabetic polar map, and
mi and si are the mean and standard deviations
of the relative [11C]-HED retention in the ith
sector of the reference polar map. In the dia-
betic subjects, sectors that had a z-score greater
than 2.5 can be defined as abnormal. Thus, the
calculated z-scores represent a validated21,24

measure of the individual subject’s myocardial
tracer retention heterogeneity, with an increase
of heterogeneity being consistent with distal
left ventricular denervation.21,24 The “extent”
of the heterogeneity can be expressed as the
percentage of sectors in the polar map that are
abnormal, i.e., zi . 2.5.

In order to quantify changes in regional myo-
cardial uptake of [11C]-HED, absolute [11C]-HED
retention in the proximal and distal LV my-
ocardium can be measured using a “retention in-
dex” approach,19 which corrects [11C]-HED re-
tention for myocardial tracer delivery. Absolute
tissue retention of [11C]-HED at 40–60 min after
injection is measured by determining mean
tracer counts/pixel within the myocardial re-
gions and corrected for tracer delivery. A [11C]-
HED retention index is calculated as follows:

Retention index (mL blood/min/mL tissue) 5

Tissue counts between 40–60 min

ò Blood counts at time 0–60 min

RESULTS

Scintigraphic techniques have been exten-
sively utilized to characterize sympathetic
nerve fiber integrity in a wide range of differ-
ent disease states including diabetes. In cross-
sectional studies, deficits of LV [123I]-MIBG and
[11C]-HED retention have been identified in
type 117,19,21–25,28,43 and type 244–48 diabetic sub-
jects with17,18,20,21,24 and without18,21,22,24,49 ab-
normalities on cardiovascular reflex testing.
Widespread abnormalities of myocardial LV
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FIG. 1. Representation of the left ventricle as a polar map.
Individual profiles are generated for each image and the
map divided into nine regions of relative tracer activity.
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[123I]-MIBG have been uptake reported in
metabolically compromised newly diagnosed
type 1 diabetic subjects which are partially cor-
rectable by intensive insulin therapy23,26,50 and
appear to be indicative of an hyperglycemia or
insulin deficiency–induced acute neuronal dys-
function. Deficits of cardiac [11C]-HED reten-
tion have been detected in 40% of diabetic sub-
jects without CAN on reflex testing.24 These
deficits typically begin in the distal inferior
wall of the LV and with more severe neuropa-
thy, extend to involve the distal and proximal
anterolateral and inferior walls (Fig. 2). Com-
parison of the extent of abnormalities of [11C]-
HED retention with reflex measures of sympa-
thetic CAN revealed that an abnormal Valsalva
ratio or a systolic blood pressure fall in excess
of 20 mm Hg, roughly corresponds with at least
40% of the left ventricle being denervated.24

A beneficial effect of metabolic control on the
development or progression of CAN should
significantly improve the overall prognosis for
diabetes. The relationship of metabolic control
to progression of abnormalities of autonomic
function has been unclear. Improved metabolic
control as been reported to slow the progres-
sion of HRV deficits in type 1 diabetic patients
in some studies51–54 but not in others.55 This
variability could reflect a number of factors in-
cluding inadequacy of glycemic control, insuf-
ficient study duration, too advanced CAN or
the insensitivity of the cardiovascular auto-
nomic function tests utilized. A recent scinti-
graphic study using MIBG-SPECT demon-
strated that poor glycemic control resulted in
the progression of LV sympathetic dysinner-
vation, which can be prevented25 by the insti-
tution of near-euglycemia. We also performed
a 3-year prospective, observational study eval-
uating the effects of diabetes control on small
deficits of LV sympathetic innervation in type
1 diabetic subjects.56 All the subjects had small
deficits of cardiac sympathetic innervation at
baseline, affecting typically less than 10% of the
left ventricle (Fig. 3). One group of subjects con-
tinued to have poor diabetes control, with an
average HbA1c above 9% over the three years.
The second group achieved tight diabetes con-
trol with a mean HbA1c of just below 7%. With
good diabetes control, the extent of the [11C]-
HED retention deficit seen became significantly

smaller. In contrast, there was a threefold in-
crease in the extent of the deficit with poor di-
abetes control (Fig. 3). Thus quantitative scinti-
graphic imaging techniques such as HED-PET
and MIBG-SPECT have confirmed the impor-
tance of glycemic control in the development,
progression or reversal of myocardial sympa-
thetic dysinnervation.

In diabetes, LV sympathetic dysinnervation
may contribute to enhanced cardiac risk.3–7,57

Overall, a 5-year mortality approaching 30%4,58

has been observed in diabetic patients with a
spectrum of severities of CAN with the highest
mortality rates observed in subjects with ad-
vanced deficits of cardiovascular sympathetic
innervation.3 Diabetic patients have increased
mortality postmyocardial infarction,57 which
may reflect the extent of coronary artery disease
or increased susceptibility to other triggering
factors,59 including autonomic imbalance. Im-
paired retention of sympathetic neurotransmit-
ter analogues consistent with neuronal dys-
function or loss has been reported in patients
with malignant ventricular dysrhythmias both
in the absence59,60 or presence35 of ischemic
heart disease. Decreased [123I]-MIBG retention
has been found in subjects with silent20,61,62 or
symptomatic62 myocardial ischemia. These le-
sions are usually situated in the inferior and
posterior LV segments.19,22,44,45 Abnormal myo-
cardial [123I]-MIBG uptake has been reported in
subjects with altered LV diastolic filling,19,63

and correlated with myocardial electrophysio-
logical abnormalities involving the QT inter-
val64 and QT dispersion.46 Impaired retention
of LV [123I]-MIBG in diabetic subjects is also pre-
dictive of sudden death.65

Quantitative regional analysis of LV sympa-
thetic innervation using HED-PET has revealed
a pattern of dysinnervation, which may pre-
dispose to myocardial electrical instability. Ab-
solute [11C]-HED retention has been reported
to be increased by , 30% in the proximal seg-
ments of the severe CAN subjects when com-
pared to the same regions in mild CAN or
CAN-free subjects24 (Fig. 4). Despite the in-
crease of tracer retention, no appreciable
washout of tracer is observed in the proximal
segments, consistent with normal regional tone
but increased sympathetic innervation. Dis-
tally, [11C]-HED retention is decreased in se-
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vere CAN by , 30% when compared to the
CAN-free diabetic subjects.24 Therefore, a con-
siderable gradient of cardiac sympathetic in-
nervation occurs in the LV of CAN subjects, a
pattern likely to be electrically unstable. More-
over, in CAN subjects on adenosine stress,

global coronary flow reserve (CFR) was de-
creased by over 50% compared to the CAN-free
diabetic and nondiabetic control subjects, with
the maximal impairment of CFR being ob-
served in the innervated proximal myocardial
segments.17 Cold pressor testing (application of
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FIG. 2. Time-dependent changes in PET images of the LV from a 26-year-old female CAN subject. These two sets
of images demonstrate the change in LV sympathetic innervation associated with poor metabolic control. (A) LV short
and long axis views (left) and polar map images (right) at baseline. (B) The corresponding images after 5 years. In A,
despite the apparent normality of both the LV blood flow images and [11C]-HED distribution, a small deficit of [11C]-
HED retention (5%) is detectable on the polar map (right panel). With progression of CAN (B), abnormalities of [11C]-
HED retention are now extensive on all images, with only the proximal cardiac segments being preserved. DSA, dis-
tal short axis; PSA, proximal short axis; HLA, horizontal long axis; VLA, vertical long axis.



an ice pack to produce sympathetic activation)
has also been used to explore endothelium-de-
pendent myocardial blood flow regulation in
diabetic subjects with and without CAN. On
sympathetic activation, global myocardial per-
fusion increased significantly in the CAN-free
diabetic subjects but decreased in the CAN sub-
jects.66 In CAN subjects, the paradoxical re-
duction in myocardial blood flow appeared re-
stricted to the proximal innervated myocardial
segments (Fig. 5). These data suggest that myo-
cardial neurovascular regulation is perturbed
in CAN subjects and may contribute to en-
hanced cardiac risk.

DISCUSSION

CAN is a common complication of diabetes
associated with significant morbidity and mor-
tality.3–7 Standardized reflex tests of autonomic
function have demonstrated that deficits of
sympathetic CAN are most predictive of in-
creased mortality,3 but the mechanisms of this

enhanced risk are poorly understood. The de-
velopment of scintigraphic imaging techniques
has allowed direct visualization and quantita-
tion of cardiac sympathetic integrity. Studies
using radiolabeled analogues of NE have
shown that regional LV sympathetic dysinner-
vation is a common complication of disease
states such as diabetes and can rapidly progress
with poor metabolic control.25,56 Deficits of re-
gional myocardial innervation are associated
with altered myocardial blood flow regula-
tion,17,66,67 which may contribute to regional
electrical and chemical instability and malig-
nant arrhythmogenesis. Future studies using
scintigraphy will be aimed at characterizing the
metabolic and functional consequences of re-
gional LV denervation complicating diabetes,
with the overall aim of reducing cardiac risk.

Radiolabeled analogues of NE which are ac-
tively taken up by the sympathetic nerve ter-
minals of the heart permit direct and highly
sensitive assessment of cardiac sympathetic in-
tegrity. Cardiac scanning with [123I]-MIBG for
example, has identified sympathetic denerva-
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FIG. 3. Extent of [11C]-HED retention abnormalities detected at baseline and after 3 years in diabetic subjects with
good glycemic control (group A), compared to poor glycemic control (group B). Data shown as mean 6 1 SEM. *p ,
0.05 vs. baseline study; †p , 0.01 vs. group A. (Reproduced with permission from Stevens et al.56)
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tion in the majority of diabetic subjects with
normal cardiovascular reflex testing,18,22,48

with abnormalities of MIBG retention correlat-
ing with LV dysfunction.19,63 Studies using
[11C]-HED have confirmed that small (,10%)
deficits of LV [11C]-HED retention can be ob-
served in diabetic subjects without CAN on re-
flex testing,24,56 but the percentage of subjects
affected is less ( , 40%) than is observed using
MIBG. These small, metabolically correctable
deficits, are observed selectively in the distal
inferolateral wall of the LV.26,56 These could re-
flect different types of neuronal dysfunction in-
cluding impaired neurotransmitter uptake, de-
fective vesicular storage and/or complete
neuronal loss. As CAN advances, the retention
of [11C]-HED in the LV is remarkably hetero-
geneous since as the extent of the distal deficits
increase,24 tracer retention becomes paradoxi-
cally increased in the proximal myocardial seg-
ments consistent with proximal hyperinnerva-
tion. The etiology of increased tracer retention
in these proximal segments is unknown. Po-
tentially, increased tracer retention could result
from mechanisms including; increased axonal
regeneration and sprouting (as has been ob-

served in the diabetic peripheral somatic
nerve)68; reduced sympathetic tone leading to
decreased NE release (although little neuronal
[11C]-HED wash out is observed during the
time frame of the imaging periods utilized24,28

or increased tracer delivery (differences in rest-
ing regional perfusion have not been detected
in CAN subjects). Detailed tracer kinetic stud-
ies together with histological examination of
the myocardium is required to address these
possibilities.

Scintigraphic techniques have shed new light
on the relationships of metabolic control to
deficits of cardiac sympathetic innerva-
tion.25,26,56 The reversal of widespread abnor-
malities of myocardial MIBG uptake reported
in newly diagnosed type 1 subjects, and the re-
duction of small deficits of LV [11C]-HED re-
tention with intensive insulin therapy26,50,56

parallel the improvement of the low and high
frequency components of spectral analysis in
subjects with early CAN.69 These data are con-
sistent with a reversible hyperglycemia or in-
sulin deficiency-induced acute neuronal dys-
function rather than neuronal loss. With
continued poor metabolic control, deficits in
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FIG. 4. Comparison of absolute [11C]-HED retention in the proximal compared to distal myocardial segments in di-
abetic subjects with mild and severe CAN. *p , 0.05 vs. other groups; †p , 0.05 vs. proximal segments. (Reproduced
from Stevens et al.24)
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the retention of both [123I]-MIBG and [11C]-
HED can rapidly progress,25,56 and likely re-
flect structural neuronal damage. Additional
studies are required to determine whether im-
proved metabolic control alone, or in concert
with therapeutic interventions can reverse
these more extensive deficits. Reinnervation of
the myocardium is a therapeutic possibility.
Both HED-PET42,67 and MIBG-SPECT70 have
demonstrated increased tracer retention in
proximal myocardial segments of cardiac
transplant patients which correlated with pres-
ence of axons on histological assessment,42 in-
creased coronary blood flow in response to
sympathetic activation,42 and the release of
myocardial NE.42 Scintigraphic evaluation of
cardiac reinnervation may therefore be consid-
ered a sensitive noninvasive surrogate for
nerve biopsy that has been considered a “gold
standard” (although invasive) end point in
therapeutic clinical trials of patients with pe-
ripheral somatic neuropathy.68

Although clinical studies in diabetic patients
have extensively utilized either MIBG-SPECT
or HED-PET, other [11C]-labeled tracers with
different kinetic properties are currently being
evaluated. Like [11C]-HED, the sympath-

omimetic amines [11C]-phenylephrine (PHEN)
and [11C]-epinephrine (EPI) are all taken up
into the sympathetic neurons by the uptake–1
transporter, but are retained by different mech-
anisms.28 PHEN71 and EPI72 are highly neu-
ronal selective, but unlike HED, are subject to
degradation by MAO. EPI, although initially
taken up into the neuron by uptake-1, is largely
retained in the neuron by highly efficient vesic-
ular storage, with very little washout.28 The re-
tention of EPI in rat heart is greatly decreased
by pretreatment with reserpine (which inhibits
vesicular uptake)72 is not chased by de-
sipramine (which inhibits uptake-1 transport),
confirming the intraneuronal localization of
EPI.28 This tracer may be particularly well
suited to the study of vesicular integrity. PHEN
is also rapidly taken up into the storage vesi-
cles, but is less efficiently retained, since de-
sipramine only marginally increases the
washout rate from the rat heart.28 Since its
washout from the nerve terminal is greatly in-
creased by reserpine, and its retention en-
hanced by the MAO-A inhibitor clorgyline,28,71

this tracer may be well suited to the study of
MAO activity. Thus the different kinetic prop-
erties of these tracers, affords a unique oppor-
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FIG. 5. Effect of sympathetic activation (a cold pressor test) on regional myocardial blood flow in the proximal vs.
distal LV segments of healthy diabetic controls and diabetic subjects with severe CAN.
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tunity to evaluate different components of neu-
ronal function: uptake-1 (HED), vesicular in-
tegrity (EPI), or MAO activity (PHEN). Their
use in diabetic patients should yield important
information about the effects of glucose on neu-
ronal function.

Recently scintigraphic techniques have been
utilized in humans to better understand the re-
lationships between myocardial innervation
and blood flow regulation in diabetes.17,66,67,73

The integrity of myocardial sympathetic inner-
vation has been determined by HED-PET and
correlated with regional myocardial vascular
responsiveness using [13N]-NH3-PET at rest
and after endothelium-dependent or endothe-
lium-independent vasodilation in diabetic sub-
jects with and without CAN.17,66,67,73 Diabetic
subjects with CAN have been found to have el-
evated resting myocardial perfusion,17 which is
consistent with the resting tachycardia, and re-
sultant increased myocardial oxygen require-
ments. No regional differences in resting per-
fusion were identified however, irrespective of
the integrity of sympathetic innervation, which
is consistent with studies in the experimentally
denervated animal heart.74,75 After maximal
vasodilation with adenosine, global CFR is de-
creased only in subjects with advanced CAN
(who also frequently exhibited diabetic reti-
nopathy and/or nephropathy17), consistent per-

haps, with the presence of myocardial diabetic
microangiopathy76,77 (coronary artery disease
was excluded in these subjects17). Unlike the
studies at rest, exploration of myocardial in-
nervation/blood flow relationships in response
to stress, have begun to yield some interesting
correlations. In response to adenosine, for ex-
ample, maximal impairment of vasodilatory ca-
pacity in CAN subjects is observed in the myo-
cardial regions with persistent innervation.17 On
cold pressor testing, myocardial endothelium-
dependent vasodilation is maximally impaired
in subjects with sympathetic CAN,66,73 and
myocardial perfusion may actually decrease in
the regions of persistent sympathetic innerva-
tion66 (Fig. 5). Therefore these studies have re-
vealed complex interrelationships between dia-
betes, myocardial innervation and blood flow
regulation.

Altered patterns of myocardial blood flow
regulation are beginning to emerge which may
shed light on the mechanisms of enhanced car-
diac risk complicating diabetes. The role of
CAN in the development of enhanced cardiac
risk complicating diabetes however remains
controversial and as yet unproven. As dis-
cussed above, direct scintigraphic characteri-
zation of CAN has offered a unique opportu-
nity to address this issue. Although CAN has
been invoked in sudden cardiac death even in
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FIG. 6. Hypothetical scheme delineating the potential links between regional hyperinnervation and myocardial in-
stability complicating diabetes. VSM, vascular smooth muscle; ROS, reactive oxygen species.
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diabetic subjects without myocardial isch-
emia,4,5 CAN is frequently found in association
with many established cardiovascular risk fac-
tors,78 which makes problematic the attribution
of the component directly attributable to CAN.
A number of observations have suggested a
role for CAN in advanced cardiac risk. In ad-
dition to observational longitudinal studies in
which the highest mortality is observed in di-
abetic patients with symptomatic, sympathetic
CAN,3 a number of other observations have
suggested a causal relationship. For example,
decreased HRV has been shown to be an inde-
pendent risk factor for mortality in subjects af-
ter myocardial infarction.79,80 In CAN, delayed
cardiac repolarization and increased variability
of ventricular refractoriness is associated with
impaired sympathetic integrity and is corre-
lated with QT interval lengthening.64 An asso-
ciation between parasympathetic CAN and LV
diastolic dysfunction has recently been re-
ported in type 1 diabetic subjects.81 Our stud-
ies using HED-PET have led us to propose a
potential mechanism for enhanced cardiac risk
complicating CAN. Sympathetic activation in
the hyperinnervated myocardium may result
in regional accumulation of NE. This will fa-
cilitate enhanced contractility and oxygen con-
sumption, which in the presence of endothelial
dysfunction and vascular smooth muscle hy-
persensitivity may precipitate regional vaso-
constriction, increased intracellular calcium
levels, and increased oxidative stress, resulting
in regional myocardial instability (Fig. 6). Con-
versely, the denervated myocardium may also
be metabolically unstable. Denervation has
been shown to down-regulate glucose trans-
port,82 and may further increase the depen-
dence of the diabetic myocardium on free fatty
acid utilization. Increased free fatty acid me-
tabolism further impairs glucose oxidation and
promotes myocardial energy deficits leading to
apoptosis.83,84 Thus both the persistence of
aberrant regional hyperinnervation as well as
loss of sympathetic integrity could contribute
to myocardial electrical instability complicat-
ing diabetes.

The recent emergence of scintigraphic tech-
niques has revealed new insights into the effects
of diabetes on myocardial innervation and
blood flow regulation. Future studies with dif-

ferent tracers will allow further characterization
of neuronal dysfunction complicating diabetes
and improve understanding of the effects of di-
abetes on myocardial substrate metabolism. In-
terventional therapeutic studies will shortly be
undertaken using HED-PET in order to assess
the reversibility of sympathetic dysinnervation
in diabetic subjects with advanced CAN.
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