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Procedures for noninvasive and minimally invasive imaging of
cardiac neurons and neuronal function using radiolabeled com-

pounds were developed in the second half of the 20th century. The

foundation for these procedures was several centuries of research

that identified the structural components of the autonomic nervous
system and explored the means by which neurotransmitters such

as acetylcholine and norepinephrine contributed to neuronal control

of target organ effector cells. This article provides a brief clinical overview
of modern approaches to the assessment of cardiac neurons as an

introduction to the in-depth articles on the current status of cardiac

neuronal imaging presented in this supplement.
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The importance of the role of the autonomic nervous system
as a regulator of human physiologic balance and homeostasis has
been appreciated for several centuries. Most of the early discoveries
about this system were based on results of anatomic dissections;
later research included the use of mechanical, electrical, and phar-
macologic stimulation to elicit neurologic responses (1). In the 20th
century, improvements in analytic techniques allowed more accurate
in vitro measurements of neurotransmitters such as acetylcholine,
epinephrine, and norepinephrine, which provided further under-
standing of the interactions and responses of the parasympathetic
and sympathetic systems (2,3). The use of radiolabeled versions of
these neurotransmitters later offered a means to monitor in vivo
pharmacodynamics and provided the first quantitative estimates of
uptake and clearance of these compounds in living tissues (4,5).
Research with compounds labeled with tritium (3H), 14C, and 125I
laid the groundwork for the development of compounds labeled with
g- and positron-emitting radioisotopes (6). These latter develop-
ments permitted external imaging of living animals with scintillation-
detection devices and gave rise to the use of nuclear medicine
techniques for neuronal imaging in the second half of the 20th
century (7–10).
To appreciate the strides made in imaging of the cardiac sympathetic

nervous system in the past 30 y, it is necessary to understand the

foundational research on norepinephrine kinetics in sympathetic
nerves. Much of this research involved measurement of norepi-
nephrine turnover, a quantitative method for estimating sympa-
thetic nerve function that has been widely used in both animal and
human subjects (6). The best validated method of measuring
norepinephrine turnover involves injecting radiolabeled 3H-nor-
epinephrine and measuring its initial uptake and then its disap-
pearance from the heart and other organs over several hours
(5,11). Studies in animals have shown that, in a variety of phys-
iologic and pathophysiologic situations,3H-norepinephrine dis-
appearance from the heart follows first-order kinetics, which can
be characterized in terms of a fractional turnover rate, k, or
turnover half-time, T1 (12). By analogy, subsequent imaging
measurements using norepinephrine analogs such as metaiodoben-
zylguanidine (MIBG) for SPECT and metahydroxyephedrine
(MHED) for PET have sought to provide similar estimates of organ
turnover as a means to discern neuronal system function in health
and disease (9,13). The potential value of such information resides
in its usefulness for disease quantification in general, and more
specifically, in its use to estimate prognosis and likely response to
therapy—both current standard of care and future cutting-edge
pharmacologic, device, and genetic treatment procedures.
Because of the enormous potential value of in vivo quantitative

information on the status of the autonomic nervous system, it is
somewhat puzzling that clinical practitioners—and more specifically,
clinical cardiologists—have been resistant to incorporating new im-
aging procedures into assessment and treatment algorithms and clin-
ical guidelines. The main imaging agents in this field, 123I-MIBG and
11C-MHED, have both been widely studied for 30 y, and 123I-MIBG
has been used in clinical cardiology in Japan and, to a lesser
extent, in Europe, for 2 decades (10,13,14). There is no shortage
of quality data on the effect of various diseases on uptake and
clearance of these agents from the heart, and many studies have
shown that the imaging results are predictive of both the likelihood
of therapeutic response and the relative risk for various adverse
outcomes despite apparently optimal, guidelines-based therapy
(15–18). What then is missing from the published literature to
convince cardiology thought-leaders that the imaging information
is not only valuable but also actionable? The most common re-
sponse to this question is that there are insufficient data document-
ing clinical utility. In other words, data are needed that demon-
strate a better clinical outcome for patients who are studied with
these procedures than comparable patients who are treated without
access to this information.
This supplement presents an update on the status of autonomic

nervous system imaging of the heart from experts in the field. The
primary focus is on the sympathetic system and potential clinical
applications of the imaging methodologies. This article provides
a brief historical perspective for the more in-depth examinations
that follow.
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NOREPINEPHRINE

As noted previously, characterization of tissue content and
turnover of norepinephrine in vivo has been extensively studied
using 3H-norepinephrine. Under conditions of a steady-state infu-
sion of this radiolabeled compound, spillover rate can be deter-
mined on the basis of the ratio of the infused radioactive norepi-
nephrine concentration and the measured plasma norepinephrine
specific activity (Fig. 1) (7,11). Cardiac spillover can be measured
by intracoronary infusion of 3H-norepinephrine and sampling of the
coronary sinus blood for radioactivity content. Although this method
provides a total estimate of norepinephrine spillover, the relative
contributions of decreased neuronal uptake and increased turnover
cannot be determined using this technique, and its invasive character
makes it unsuitable for use as a routine clinical diagnostic procedure.
Early efforts to produce compounds that would allow in vivo

imaging of norepinephrine biologic behavior were primarily focused
on direct labeling of neurotransmitters such as epinephrine and
norepinephrine and the use of false neurotransmitters that were not
as readily metabolized as the catecholamines. Several compounds
were successfully labeled with 11C for PET imaging, including
norepinephrine and epinephrine and the false neurotransmitters
ephedrine and MHED (7,10). Later work using 18F as the radio-
label resulted in the synthesis of fluorodopa and fluorodopamine
for sympathetic neuronal imaging (9). For conventional g-camera
imaging, the false neurotransmitter guanethidine was used as the
structural basis for several iodine-labeled agents, the most success-
ful of which was MIBG, developed by Wieland et al. (19,20) and
Raffel and Wieland (21). During the past 30 y, imaging with 18F-
fluorodopamine has provided data for the in vivo assessment of
norepinephrine synthesis, whereas 11C-MHED, 11C-ephedrine, and
123I-MIBG have been extensively used to estimate the presynaptic
reuptake and storage behavior of norepinephrine (7,9,10).
More limited work has been done to investigate the postsynaptic

receptors in the myocardium. This has primarily involved PET
imaging using labeled b blockers such as 11C-(4-(3-t-butylamino-
2-hydroxypropoxy)-benzimidazol-1) and 18F-fluorocarazolol (Fig. 2)
(10). Postsynaptic muscarinic receptors have also been imaged
using the compound 11C-methylquinuclidinyl benzylate (7). Although

results using these and similar agents have provided valuable insights
into the effects of various cardiac disease processes on receptor den-
sity and function, it is unclear whether this type of imaging will have
clinical applications in the foreseeable future.

123I-MIBG

Of all cardiac neuronal imaging agents, the one with the greatest
research and clinical experience is 123I-MIBG. Hundreds of re-
search studies and tens of thousands of clinical examinations have
been performed since the compound was developed more than 35 y
ago at the University of Michigan (13,15,21). 123I-MIBG scintig-
raphy identifies tissues capable of concentrating neuroadrenergic
amines, thereby providing a means to document the loss of auto-
regulatory sympathetic neuronal function (22). In the heart, 123I-MIBG
imaging can identify sympathetic neuronal injury that may not be
apparent from other functional or anatomic imaging examinations (23).
During the past 25 y, studies have shown that the degree of

reduction of cardiac 123I-MIBG uptake is related to the severity of
heart failure and the subsequent prognosis (24–28). 123I-MIBG
imaging can also be used for assessing response to any therapies
used to treat heart failure, including angiotensin-converting-enzyme
inhibitors (29), angiotensin receptor blockers (30), b blockers (31),
aldosterone inhibitors (32), and devices such as biventricular pace-
makers for cardiac resynchronization (33) or left ventricular assist
devices (34). Heart failure patients with moderate to severely reduced
myocardial 123I-MIBG uptake as a reflection of myocardial denerva-
tion have the poorest outcomes (27,28,35), in terms of morbidity and
mortality from pump failure as well as from unstable arrhythmias
that often precede the occurrence of sudden cardiac death (Fig. 3)
(36–38).

CONCLUSION

Because derangements of cardiac innervation are common in
most heart diseases, and because heart failure is a chronic
condition that affects more than 5 million patients in the United
States (39), there is a compelling reason to identify the clinical
circumstances under which imaging of neuronal function is ben-

FIGURE 1. Results of studies with 3H-norepinephrine in dogs. Effects of stimulation of stellate ganglion and epicardial pacing on dogs receiving

steady-state infusion of labeled norepinephrine are shown. (A) Ganglionic stimulation produced a much greater increase in norepinephrine spillover

compared with pacing. (B) Ganglionic stimulation produced a similar greater increase in norepinephrine output compared with pacing. (C) For similar

increases in heart rate versus control, cardiac norepinephrine spillover was much greater for ganglionic stimulation than for epicardial pacing. These

results confirm strong correlation between norepinephrine spillover and sympathetic outflow to heart and that norepinephrine spillover is not

primarily a reflection of heart rate changes. (Adapted from (11).)
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eficial. It is evident that quantitative measures of the condition of
the cardiac nervous system can provide useful supplementary in-
formation for the clinician. In the same way that assessment of
myocardial perfusion supplements anatomic information on the
status of the coronary arteries, assessment of myocardial innerva-
tion adds to the information provided by functional and anatomy-
based techniques such as echocardiography, CT, and cardiac MR
imaging. The challenge is to define the patient populations for
whom neuronal imaging has the greatest benefit for improving
quality of life and clinical outcome.

The articles in this supplement summarize
the current thinking of cardiology and imaging
experts. The essential message is that imaging of
neuronal function provides new information
about a fundamental physiologic attribute of
the heart that is complementary to the results of
other standard imaging and in vitro methods
currently used by clinicians as part of routine
clinical care. The ultimate beneficiary of cardiac
neuronal imaging will be the patient, who will
not only have a better understanding of the
severity of his or her heart condition but will also
be better equipped to judgewhether the potential
benefits of the proposed therapeutic options are
sufficient to justify any associated risks.
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