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Cardiac neurotransmission imaging with SPECT and PET allows
in vivo assessment of presynaptic reuptake and neurotransmit-
ter storage as well as of regional distribution and activity of
postsynaptic receptors. In this way, the biochemical processes
that occur during neurotransmission can be investigated in vivo
at a micromolar level using radiolabeled neurotransmitters and
receptor ligands. SPECT and PET of cardiac neurotransmission
characterize myocardial neuronal function in primary cardio-
neuropathies, in which the heart has no significant structural
abnormality, and in secondary cardioneuropathies caused by
the metabolic and functional changes that take place in different
diseases of the heart. In patients with heart failure, the assess-
ment of sympathetic activity has important prognostic implica-
tions and will result in better therapy and outcome. In diabetic
patients, scintigraphic techniques allow the detection of auto-
nomic neuropathy in early stages of the disease. In conditions
with a risk of sudden death, such as idiopathic ventricular
tachycardia and arrhythmogenic right ventricular cardiomyopa-
thy, PET and SPECT reveal altered neuronal function when no
other structural abnormality is seen. In patients with ischemic
heart disease, heart transplantation, drug-induced cardiotoxic-
ity, and dysautonomias, assessment of neuronal function can
help characterize the disease and improve prognostic stratifi-
cation. Future directions include the development of tracers for
new types of receptors, the targeting of second messenger
molecules, and the early assessment of cardiac neurotransmis-
sion in genetically predisposed subjects for prevention and early
treatment of heart failure.
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though no structural heart disease can be shown by tradi-
tional morphologic and functional investigations. In such a
situation, evaluation of abnormalities of the cardiac nerves,
cardiac ganglia, and neurotransmission process may be clin-
ically relevant. In the United States, approximately 300,000
sudden cardiac deaths occur each year, and almost 20% of
them are in patients without evidence of coronary artery
diseased). Nuclear medicine is currently the only imaging
modality with sufficient sensitivity to offer in vivo visual-
ization of cardiac neurotransmission at a micromolar level.
Such a unique capability has great diagnostic potential and
currently allows noninvasive classification of dysautono-
mias, characterization of pathologic myocardial substrate in
arrhythmogenic cardiomyopathies, and assessment of neu-
ronal status in coronary artery disease. This article will
discuss the pathophysiologic basis of cardiac neurotrans-
mission and will focus on the main clinical applications,
from those for which only preliminary but compelling data
are available to those that are well established.

CARDIAC INNERVATION AND NEUROTRANSMISSION

The autonomic nervous system is divided into the sym-
pathetic and parasympathetic subsystefd).( The auto-
nomic outflow is controlled by regulatory centers in the
midbrain, hypothalamus, pons, and medulla. These regula-
tory centers integrate input signals coming from other areas
of the brain as well as afferent stimuli coming from barore-
ceptors and chemoreceptors distributed in the skin, muscles,
and viscera. Subsequently, efferent signals follow descend-
ing pathways in the lateral funiculus of the spinal cord that
terminate on cell bodies placed in the intermediolateral and

Vsualization and quantitation with SPECT and PET dntermediomedial columns. The major neurotransmitters of

the pathophysiologic processes that take place in the netie sympathetic and parasympathetic systems are norepi-
terminals, synaptic clefts, and postsynaptic sites in the heBfPhrine and acetylcholine, which define the stimulatory
can be referred to as cardiac neurotransmission imagi@gd inhibitory physiologic effects of each system. Sympa-
(Fig. 1). Clearly, the nerves are as important as the corondhgtic fibers leave the spinal cord at segments T1 to L2-3.
arteries for many of the functions of the heart, particularlfreganglionic sympathetic fibers consist of small myelin-
cardiac rhythm, conduction, and repo|arizatiam (n many ated fibers that come off the spinal roots as white rami

clinical circumstances, these processes appear alteredc@mmunicantes and synapse in the paravertebral ganglia.
Gray rami communicantes that rejoin the anterior spinal

roots and connect with body organs are formed by small
unmyelinated postganglionic fiber§)( Adrenergic fibers
that innervate the heart originate in the left and right stellate
ganglia. The left stellate innervates the right ventricle,
whereas the right stellate innervates the anterior and lateral

Received Dec. 8, 2000; revision accepted Mar. 9, 2001.

For correspondence or reprints contact: Ignasi Carrié, MD, Hospital Sant
Pau, Pare Claret 167, 08025-Barcelona, Spain.

*NOTE: FOR CE CREDIT, YOU CAN ACCESS THIS ACTIVITY THROUGH
THE SNM WEB SITE (http://www.snm.org/education/ce_online.html) UNTIL
JULY 2002.

1062  THE JourNAL OF NUCLEAR MEDICINE * Vol. 42 ¢« No. 7 < July 2001



guanethidine are also transported by uptake-1, which can be
inhibited by cocaine and desipramine. A quantitatively less
significant transport protein, uptake-2, removes norepineph-
rine from the extracellular space. Free cytosolic norepineph-
rine is degraded rapidly to dihydroxyphenylglycol by mono-
amine oxidase and passes through the presynaptic cell
membrane into the extracellular space by passive diffusion.
Adrenergic neurotransmitters bind to the postsynaptic
B-adrenoceptorsp,- and B,-receptors are located in the
B sarcolemma of the myocytes with a proportion of 80%:20%.
FIGURE 1. Concept of cardiac neurotransmission imaging. | hiS distribution may vary in the failing human heart, with
On left, electron microscopy of cardiac synapse shows postsyn- @ higher proportion of3,-receptors being expressed).(
aptic concentration of neurotransmitter. On right, methylquinu- Bi-receptors are occupied by norepinephrine, whefzas

clidinyl benzylate (MQNB) and PET show in vivo visualization of receptors are occupied by epinephria-receptors are
cardiac muscarinic receptors in patient with dilated cardiomy- | tpd inlv i thp yt' P | ff:: ?\B‘ P t
opathy (DCM) and in healthy volunteer (CONTROL). ocated mainly in the synaptic cleft, where@ggreceptors

are located far from the synaptic cleft to protect epinephrine

) o arriving as a hormone or from extracardiac neuronal pro-
portions of the heart. The adrenergic fibers travel the sulyiction from neuronal reuptak@-adrenoceptors are cou-

endocardium, following the coronary vessels from the _baﬁfed to G protein subunits, and stimulation@&drenocep-

to the apex of the hearB). The parasympathetic innervation, s reqits in increased adenylyl cyclase activity,
of the hez_:lrt IS scarce in comparison, the inferior V‘_’a” _'St bsequently leading to intracellular cyclic adenosine
region with a _hlg_her der_13|ty O.f _parasympathehc fiber onophosphate (cCAMP) formation and phosphorylation of
Parasympathetic |nnerva_t|0n originates from the medl_“ racellular proteins, mediated by protein kinases, and in-
and follows through the right and left vagus nerves, whi luencing calcium transients and repolarization. When pro-

then divide into the superior and inferior cardiac nerVe?onged excessive stimulation of adrenergic receptors takes

Parasympathetic fibers modulate sinoatrial nodal and amqéce the first consequence is desensitization of adrenocep-

ventricular nodal function and innervate the atria, wheregs . .
. . ors, followed by downregulation with enhanced receptor
vagal fibers to the ventricles are sparse.

Activation of the sympathetic branch of the autonomigegr"’ujatl(.)n and dgcreased receptor synthgs,& (The .
next step is uncoupling of the receptors with overexpression

nervous system or a rise in the level of catecholamines may. . = . )
result in cardiac adrenergic stimulation and in subsequeé%lmhlbltory G proteins ang-ARK and downregulation of

changes in the contractile and electrophysiologic status B enylyl cyclase._ The final clln_lcal consequence 15 de_-
the heart. The sympathetic nervous system is a vasoact%gased myocardial reserve and |mp_a|red exercise ca_paqty.
neurohormonal system that evolved as a primary means o n the other hand, par_asympathetlc_mnervatlon is d_|str|b-
preserving circulatory homeostasis during environmentdfed throughout the atrial and ventricular walls, with a

stress. Increased sympathetic activity, with respect to tHEAdient from the former to the latter, with acetylcholine

cardiovascular system, leads to peripheral vasoconstricti®find the main neurotransmitter. Acetylcholine is synthe-

sodium and water retention, and the activation of oth&f?€d by transport of choline into the cytosol of the nerve
neurohormonal systems. At a cardiac level, sympathefffMinal through the high-affinity choline transporter and
activation results in an increased heart rate (chronotrofi€etylation by choline acetyltransferase. The transmitter is
effect), augmented contractility (inotropic effect), and ent_he.n stored in ves@es and released when nerve stlmglat|on
hanced atrioventricular conduction (dromotropic effect). [Activates muscarinic receptors. The effects are terminated
the heart, an increased presynaptic neuronal release of fdf-rapid degradation by acetylcholinesterase. Muscarinic
epinephrine is thought to be accompanied by an impairéfolinergic receptors play a role in the regulation of heart
neuronal uptake of noradrenaline by the sympathetic ner@te and contractile function in balance with adrenergic
endings and by a reduced number of uptake sites. Théggeptors. The main mechanism of action seems to be inhi-
neuronal alterations will increase the norepinephrine cofition of the guanosine triphosphate (GTP)-activated ade-
centration in the synaptic cleft. nylate cyclase activity mediated by a GTP-bindmgegu-

The source of synthesis of norepinephrine is the amitory protein (G). G inactivates the catalytic subunit of
acid tyrosine, which is converted to dihydroxyphenylalaadenylate cyclase, thereby reducing intracellular CAMP lev-
nine and then to dopamine. Dopamine is transported ingts and exerting an antiadrenergic effect. Therefore, the
storage vesicles by active transport and transformed parasympathetic system acts through muscarinic cholinergic
norepinephrine by the enzynfehydroxylase. The action of inhibition of B-adrenergic cardiac responsiveness. In this
norepinephrine in the synaptic cleft is terminated mainly byay, adrenaline is enhanced and inotropic stimulation is
reuptake into the presynaptic nerve ending by the uptakertiuced by noradrenaline after parasympathetic blockade
carrier. Other related amines such as epinephrine awih atropine.
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Cardiac function declines with age. This is a physiologidiscriminate between increased neuronal release and re-
multifactorial process in which a decrease in cardiac respatiiced neuronal uptake. Furthermore, because cardiac cath-
siveness toB-adrenergic stimulation is one of the moseterization is needed, the invasive nature of this method is a
prominent alterations. Several possible defects can accoorajor drawback.
for this age-dependant reduced responsiveness: for exam-
ple, reduction in the number @-adrenergic receptors be-Sympathetic Nervous System at a Postsynaptic Level
cause of increased sympathetic activity with aging and Indirect information concerning the postsynaptic sympa-
subsequent receptor downregulation, and changes in {iglic activity can be obtained in vitro by determining

functional state of the receptors with functional deficits dp-@drenoceptor density in an endomyocardial biopsy. One
G-protein—coupled proteins or post-cAMP defects. hypothesis is that the sensitivity of the cardigeadreno-
ceptors can be measured in vivo by assessing the chrono-

IN VIVO METHODS TO ASSESS SYMPATHETIC tropic and inotropic responses to endogenous and exoge-
ACTIVITY IN HUMANS nous B-adrenoceptor agonists. For example, a blunted
Sympathetic Nervous System at a Presynaptic Level chronotropic response to isoproterenol is often seen in pa-
The sympathetic neuronal firing rate can be assesst@f‘ffs yvith heart fa}ilure and is related to unfavorable prog-
directly by means of microneurography. However, micrd10SiS in these patient3) However, these methods do not
neurography has significant limitations because it can BEPVide direct information on the density and activity of
applied only to the nerves of skin and muscles and not to tR@Stsynaptic receptors and have limited clinical applica-

nerves of internal organs such as the heart. In heart failuf@ns.

for example, SyStemiC sy_mpathetic aCFiVity maY b_e normg mpathetic Nervous System at the Effector Level
whereas sympathetlc act|V|t_y at a cardiac level IS INCréas€d.rna autonomic nervous system modulates heart rate vari-
In myocardial tissue obtained by endomyocardial biopsyy,;iiry, This physiologic effect can be assessed by means of
noradrenaline concentrations and the cardiac noradrenalé{?*ﬁbulatory recorded electrocardiograms. For example, re-
uptake sites can be quantified in vitro. In addition, cardigg,.eq heart rate variability has been observed in patients
noradrenaline kinetics can be assessed b|ochem|callyv\|,ﬂh chronic congestive heart failur@)( Power spectrum
V|vo.hCa_rd|acf neur:on_al up_tak(_a, Wh'fCh IS tge m<)|§t 'mporta%alysis may be performed to determine the contribution of
mec am;r_n or tbe mac'ﬂvgtmn 0 hnofr_a r_en;ur(;e, can %‘?/mpathetic nerve activity to fluctuations in sinus rhythm.
a;}ssessc(ej_ INVIVO by |3 tr—.;c_ niques. T F |_rsft IS g’ eégrmlnlqgis power spectrum represents the distribution of the total
the cardiac removal of intravenously Infused radioactivg, iance in the signal over the different constituent frequen-
noradrenaline before and after neuronal uptake blockaggs Low-frequency oscillations (0.04—0.15 Hz) are par-
with desipramine. The second is by measuring the diffefzy eyoked by the sympathetic nervous system, suggest-
ence between the fractional extraction of radioactive n%—g that they may provide information on sympathetic
adtr)enallnef and radloellctlve klsoprﬁterinzl,_wglch IS not &0us activity at a postsynaptic level. In chronic heart
substrate for neuronal uptake. The third is by measuripg e (achycardia is usually accompanied by a reduction
regional arteriovenous differences of radioactive and endqg—total power in the heart rate variability spectrum. The
enous dihydroxyphe_nylglycol, which_is an exclusively inlow—frequency power expressed as a percentage of total
traneuronal metabolite of noradrepaiine, power is a good indicator of sympathetic modulation of
Noradrenaline spillover is considered the standard Mgz rate and has been shown to be increased in patients
surement for global sympathetic nerve firing rag &nd hith cAdMic heart failure
can be measured_usmg a radiotracer _meth_od. This metho%owever, arrhythmias strongly influence the power spec-
involves the continuous intravenous infusion of a tracqf m and only patients with sinus rhythm can be studied
dose ofhrad|oact|ve ?oradrgnalmlg. Thhe spillover rhate rlepr\gﬂth this technique. Furthermore, quantitative assessment of
sents t € 3”?0“’“ SETOIACTETEING hat enters_ the pasrg@‘npathetic activity by this technique is difficult because
For the infusion rate of radioactive noradrenaline, the foh'eart rate variability is an end-organ response, which is
Iovying relationship holds a'F a s_teady state: nqradrenaliﬂ‘étermined not only by nerve firing and electrochemical
spillover "J?‘e: mfu_s_ed ra_dloa(_:tl_ve noradrenalme/plasmgoup”ng but also by cardigg-adrenoceptor sensitivity and
noric_irenalrl]nt_a SpeC|f|cbrad|oagt|V|ty. | b postsynaptic signal transduction. These phenomena may
This technique can be used not only to assess total- C}g}'plain the frequently observed absence of correlation be-

spillover of noradrenaline but also to measure spillover i oo heart rate variability and cardiac noradrenaline spill-
the heart by intracoronary infusion of radioactive noradren:

aline and by sampling of the coronary sinus. The spillover

from the heart can be calculated by means of the Fick

principle: cardiac noradrenaline spillover (coronary si- RADIOPHARMACEUTICALS FOR CARDIAC

nus — radioactive noradrenaline) (radioactive noradren- NEUROTRANSMISSION ASSESSMENT

aline X cardiac noradrenaline fractional extraction)cor- Radiotracers for scintigraphic imaging of cardiac neuro-
onary sinus plasma flow. This method, however, cannomansmission have been developed by radiolabeling of the
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neurotransmitters or their structural analogs or false neutie-released from sympathetic nerve terminals similarly to
transmitters. Binding characteristics, selectivity, and bindH-norepinephrine. 8&F-fluorodopamine can be synthe
ing reversibility determine the suitability of a given agentsized from 68F-fluorodopa by enzymatic decarboxylation
Furthermore, radiochemical purity, and specific activity raising anL-amino acid decarboxylasd ). A direct syn-
quired to minimize occupation of binding sites by nonlathesis method using a modification of the high-yield
beled molecules, as well as pharmacologic effects in padiofluorodemercuration used in the synthesis JfF6-
tients, have to be defined in the process of validation @itiorodopa can also be applied. The specific activities of
neurotransmission radiopharmaceuticals for in vivo imaghe 648F-fluorodopamine obtained by these synthesis meth
ing. ods typically range from 7,400 to 29,600 MBg/mmol
Of the many radiopharmaceuticals that have been dé0,17).
signed and tested to assess cardiac neurotransmission, ti@ardiac!®F-fluorodopamine images can be analyzed by
most commonly used are the following (Table 1; Fig. 2): atrawing regions of interest within the ventricular wall using
a presynaptic levell®F-fluorodopamine is available to-as a composite of the images for each plane. In computing
sess norepinephrine synthesis, df@-hydroxyephedrine, time—activity curves, the logs of the concentrations of ra-
11C-ephedrine, and?3-metaiodobenzylguanidine (MIBG) dioactivity, adjusted for the dose per kilogram of body
are available to assess presynaptic reuptake and storagevbight, in the left ventricular myocardium and in arterial
PET and SPECT; at a postsynaptic leehlockers such as blood can be expressed as a function of time after injection
HC-CGP and!'C-carazolol are available to ass¢ssdre  of the radiotracer. The specific activity &fF-fluorodopa
noceptor expression and density. The quantification of nemine at the time of injection and the assayed plasma con-
rotransmitter synthesis and transport by PET requires tracentrations oft®F-fluorodopamine can be used to estimate
kinetic modeling. Typically, presynaptic norepinephrine rehe proportions of the total plasma radioactivity that are due
uptake function is assessed by calculation of the distributiom 8F-fluorodopamine and its metabolites. Exponential
volume of tracers using compartment models and nonlinearrve fitting may be used to describe the relationships
regression analysis to calculate influx and efflux rate cobetween time and radioactivity concentrations in myocar-
stants. Myocardial adrenoceptor density,{B may be mea dium, blood, and plasma. Differences between estimated
sured by injection of different amounts of radioactivity anénd empiric values can be assessed graphically. The re-
cold substance, assessment of input function and estimatmmrted mean concentration F-fluorodopamine in the left
of metabolites, and graphic analysis. ventricular myocardium peaks at 5-8 min after infusion,

being 10.2+ 67 nCi X kg/mL X mCi in healthy volunteers
18F-Fluorodopamine 11).

18F-fluorodopamine is taken up in sympathetic nerve ter
minals and transported into axoplasmic vesicles, where it'®-Hydroxyephedrine and 'C-Epinephrine
converted into'®F-fluoronorepinephrine and stored(y. H1C-hydroxyephedrine is a false neurotransmitter that has
During sympathetic stimulationi®F-fluoronorepinephrine the same neuronal uptake mechanism as norepinephrine,

TABLE 1
Most Commonly Used Radiopharmaceuticals for Cardiac Neurotransmission Imaging

Targeted process

Radiopharmaceutical

Imaging and parameters

References

Presynaptic uptake-1 and storage  '23I-MIBG Planar/SPECT 6,17-34,36,38,40,
Heart-to-mediastinum ratio 47-53,55-68,
Wash-out rate 78-86
Transport and storage into 18F-fluorodopamine PET 10,11,35,72
axoplasmic vesicles Peak myocardial
concentration
Presynaptic uptake-1 and storage  '"'"C-HED (hydroxyephedrine) PET 12,13,15,16,37,39,

Retention fraction 69,70,75,76
Volume distribution
Presynaptic uptake-1 and storage  ''C-EPI (epinephrine) PET 14,15

and metabolism

Retention fraction
Volume distribution

Postsynaptic adrenoceptor density ''C-CGP (4-(3-t-butylamino-2- PET 24-26,42,43,69,
hydroxypropoxy)-benzimidazol-1) Cardiac Bpax 70,75-77
Postsynaptic adrenoceptor density 18F-fluorocarazolol PET 27,28
Cardiac Bpax
Postsynaptic muscarinic receptor ~ ""C-MQNB (methylquinuclidinyl benzylate) PET 29,30
density Cardiac Bpax
CaRDIAC NEUROTRANSMISSIONIMAGING ¢ Carrio 1065



Tyrosine
v

DOPA

dop%m’ne 1—{ 8F-dopamine
PRESYNAPSE noradrenaline
T R
NE
(_NENE ) 11C-hydroxyephedrine
T 1C-epinephrine
uptake 1 . 1B MIBG
SYNAPTIC
CLEFT Receptors -— NCCORYHTT
G proteins! 11C-carazolol
FIGURE 2. Most commonly used radio- | MYOQCYTE "C-MQNB

ligands for assessment of cardiac pre- and
postsynaptic processes. ATP = adenosine ATP
triphosphate; DOPA = dihydroxyphenylala-
nine; NE = norepinephrine.

through neuronal uptake-1, but is not degraded by monHBG

amine oxidase and catechol methyltransferase, the enzymeSuanethidine is a potent neuron-blocking agent that acts
responsible for the metabolism of norepinephrine in trgelectively on sympathetic nerve endin@3)( By the mod-
heart (12). The storage and release properties, howevdiigation of this compound into MIBG, the affinity for neu-
seem to differ from those of the physiologic neurotransmitonal uptake sites is increased. MIBG was labeled ¥dth
ters (L3). 1XC-epinephrine may be a more physiologic tracdp enable scintigraphic visualization of the sympathetic ner-
for the evaluation of presynaptic sympathetic nerve functiomous system in humand§), providing the first radiophar-
regarding uptake mechanism, vesicular storage, and metataceutical for the assessment of cardiac neurotransmission
olism (14). 1C-epinephrine is rapidly transported into thddy SPECT. The first clinical application f1-MIBG was
presynaptic nerve terminal through uptake-1 and is storediinaging of the adrenal medulla and neoplasms originating
the vesicles similarly to norepinephrinéC-hydroxyephed from the neural crest, such as pheochromocytoma and neu-
rine and!C-epinephrine can be synthesized with chemicabblastoma 19). 123-MIBG scintigraphy also showed a
purity > 95% and specific activity from 33,300 to 74,00Gtriking uptake in the heart, because of its dense sympathetic
GBg/mmol (15). After correction for the contribution of innervation. In 1980, the potential use &3-MIBG in
11C-labeled metabolites, the calculated fraction of intasbyocardial imaging was first suggested, although at that
tracers can be plotted as a function of time. The correctthe no information was available on the physiology of
blood time—activity curve is used as the arterial input funcardiac'?1-MIBG uptake and its metabolism under differ
tion for the calculation of myocardial retention of tracersent conditions in humand48). Much work has been done to
The retention fraction (L/min) can be calculated for eactlucidate the mechanism by which the sympathetic nerve
region by dividing the tissu'C concentration at 60 min by endings take up®3-MIBG. MIBG and noradrenaline have
the integral of the radiotracer concentration in arterial blodzeen shown to have similar molecular structures and to use
from the time of injection to the end of the last scanthe same uptake and storage mechanisms in the sympathetic
retention= Ct(T.:T,)/ JT2Cy(t)dt, where Ct(T.T,) is tissue nerve endingsg,20-22.

activity in the image frame between, &nd T, (MBg/mL Neuronal uptake of'?3-MIBG is achieved mainly
tissue), and gis blood activity (MBg/mL blood) integrated through the sodium- and energy-dependent uptake-1 mech-
from time = 0 to time = T, Cardiac images can beanism, which is characterized by a temperature dependency,
analyzed by volumetric sampling procedures to generaéigh affinity (a K, [wmol/L] of 1.22 = 0.12 for MIBG and
time—activity curves and polar maps to assess homogenéitgl = 0.50 for noradrenaline), and a low capacity (g V

of myocardial tracer distributiorlé4—16. Volume distribu- [pmol/1® cells/10 min] of 64.3+ 3.3 for MIBG and 36.6+

tion for C-hydroxyephedrine in healthy volunteers hag.2 for noradrenaline). Sisson et aR0(21) showed in
been reported to be 7+ 19 mL/g of tissue. Myocardial animal experiments that the kinetics &f-MIBG mim-
retention fractions oft!C-hydroxyephedrine and!C-epi icked those ofH-noradrenaline under different conditions.
nephrine in healthy volunteers at 5 min after injection have these experiments, yohimbine, apadrenoceptor antag
been reported to be 0.24 0.02 and 0.29+ 0.02, respec- onist, was used to increase sympathetic nerve function,
tively (15). whereas clonidine was used to induce the opposite effect.
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Sodium-independent neuronal uptake of MIBG has alstemical purity> 99%. After correction for metabolites in
been reported. This nonneuronal uptake-2 mechanism dgoasma, time—activity curves from the heart and lungs can
inates at higher concentrations of the substrate and is prble- normalized to injected dose and body weight. Myocar-
ably the result of passive diffusion. The relative role of eadfial tissue-to-plasma concentration ratios of fluorocarazolol
uptake mechanism depends on the plasma concentrationndfiealthy individuals reach a plateau of 381 in the heart
MIBG. However, neuronal uptake is predominantly deteat 45 min after injection of the radiotracer. During the slow
mined by the uptake-1 mechanism because an extremkigetic phase, maximal concentrations in the heart range
small quantity of MIBG is usually injected for diagnosticfrom 0.03 to 0.085 pmol/mL28).

scintigraphy. Typically, 1 standard dose of 185 MBq con; . L .
tains 6.25x 10 ° g MIBG. Recently, the use of no-carrier-  C-Methylquinuclidinyl Benzilate

added MIBG has been reported to improve image qualit Methylquinuclidinyl benzilate (MQNB) is a highly spe-
23 (Xfic hydrophilic antagonist of muscarinic receptors and can

be labeled with*'C. The stimulation of local muscarinic
C-CGP receptors inhibits norepinephrine release from adrenergic

Lipophilic antagonists of3-adrenoceptors such as iodonerve terminals. Although present on sympathetic nerve
pindolol have been used in in vitro studies. Lipophiliendings in a prejunctional distribution, muscarinic receptors
molecules such aSC-propranolol cannot be used to studylay a role in neurotransmission within the intrinsic cardiac
the heart in vivo because of high accumulation in the lungsympathetic nervous system. MQNB can be labeled with
CGP-12177 (4-(3-butylamino-2-hydroxypropoxy)-benzi- 11C by methylation of quinuclidinyl benzylate witFC-
midazol-1) is a hydrophilic antagonist that binds to thenethyl iodide, with a specific radioactivity ranging from 12
receptor with high affinity (0.3 nmol/L)24). Because of to 80 GBgfumol (29,30. Left ventricular muscarinic recep-
high hydrophilicity, CGP-12177 selectively identifies celltors can be quantified after PET imaging with a mathematic
surfaceB-adrenoceptors that are coupled to adenylate cyrodel based on a multiinjection protocol of labeled and
clase. CGP can be labeled witfC using CGP-17704 as aunlabeled ligand. The input function can be derived from a
precursor andC-phosgene. To quantitatively assess thegion of interest drawn within the left ventricular cavity.
concentration of receptor sites, one must use a mathemdtime—activity curves can be generated for different left
model 4-29. The model parameters, including the receprentricular regions after correction for decay and expressed
tor concentration and the kinetic rate constants, can he pmol/mL after dividing by specific radioactivity at time
derived from experimental data using a kinetic or graph@. After compartmental modeling, the,B values reported
method. The kinetic method is based on a fitting proceduif¢ healthy volunteers were 25 7.7 pmol/L, with a disso-
and needs to measure the input function, which is hampersdtion constant of 2.2+ 1 pmol/mL without significant
by the presence of metabolites. Furthermore, the kinetiifferences in the septal, anterior, and lateral regions of the
method needs to maintain a balance between the respeclifeventricle G0).
complexities of the model structure and of the experimental
protocol. On the other hand, the graphic methods are basgfAGING TECHNIQUES
on simplifying hypotheses. A graphic method based on the . .
injection of a tracer dose of CGP, followed by injection oF I."mar and Tomographic Imaging of the Heart

- . o el ith MIBG
radioligand with a low specific activity and an excess o

unlabeled CGP, which does not require measurement of thePlanar Imaging has commonly been used to determine

input function, has been proposef). With this approach, Card'?c MIBG uptake. Myocar_dlal upta|_<e and distribution
are visually assessed. A semiquantitative measurement of
values of B,,, have been reported to be ) 3 pmol/g of

: . : f L mfyocardial MIBG uptake can be obtained by calculation of
tissue in healthy volunteers, with a dissociation constant 0 L : : )
0.014+ 0.002 mirL. a heart-to-mediastinum rati®), However, this technique

has some limitations: the superposition of noncardiac struc-

18F-Fluorocarazolol tures such as the lung and mediastinum may preclude op-

Carazolol is a lipophilic, nonselectiv@-adrenoceptor timal visualization, and superposition of myocardial seg-
antagonist to th@-1 andB-2 receptors and can be labelednents and motion artifacts interferes with regional
with 11C and8F (27). Uptake in the target organs, such aassessment of radioligand uptake. SPECT imaging may
the heart, is substantial and can be blocked and displacedovgrcome these disadvantages, although in some patho-
propranolol in a way that suggests that fluorocarazolol apthysiologic conditions, myocardial MIBG uptake may be
propranolol compete for binding to the same receptor siteseverely reduced, hampering the obtention of tomographic
The in vivo binding is stereoselective becauseRhisomer slices of the heart.
does not accumulate in the target orga®8).(18F-fluoro- The standard procedure is as follows. Thirty minutes after
carazolol can be synthesized by reacting the precussorthyroid blockade by oral administration of 500 mg potas-
desisopropylcarazolol witkF-fluoroacetone and high-per sium perchlorate, approximately 370 MB&i-MIBG are
formance liquid chromatography purification. The specifiadministered intravenously. Planar scintigraphic images and
activity may average 55,500 GBg/mmole, with a radicSPECT studies of the heart are acquired 20 min (early
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image) ad 4 h (delayed image) after injection. A 20%
window is usually used, centered over the 159-k&¥
photopeak. Planar images are acquired in anterior and 4
left anterior oblique views of the thorax and stored in
128 X 128 matrix. MIBG uptake is semiquantified b
calculating a heart-to-mediastinum ratio after drawing rq
gions of interest over the mediastinum in the anterior vie|
and over the myocardium in the left anterior oblique vie
Average counts per pixel in the myocardium are divided N
average counts per pixel in the mediastinum. The intrag
server variability of the heart-to-mediastinum ratio<i2%,
and the interobserver variability is5%. A heart-to-medi-
astinum ratic> 1.8 is considered normal. The washout raf
from initial to delayed images i5:10% in healthy individ-
uals 81,32. SPECT studies can be obtained by a sing
pass of 60 steps at 30 s per step §6464 matrix), starting
at the 45° right anterior oblique projection and proceedi
counterclockwise to the 45° left posterior oblique projed
tion. The data are reconstructed in short-axis, horizon
long-axis, and vertical long-axis views, and scatter or atte I-123 MIBG myocardial SPECT (normal)

uation correction may be applied. For visual evaluation @e\,ge 4 SPECT MIBG study of healthy volunteer. Short-
SPECT slices, reductions in the MIBG concentration 1Bxis tomograms and reconstructed polar maps show normal
given myocardial segments can be scored using a poWNBG distribution and washout.

scale. In addition, polar maps can be constructed from
short-axis images and can be compared with those (%;

healthy individuals (Figs. 3 and 4). .
Quantitative assessment of the cardiac uptake of MIBG Sr?eCt to their photon energy. These sce_lttered photons con-
fiibute to a further loss of spatial resolution. F&#-MIBG

the heart, by comparing the cardiac count density with tréePECT a limiting factor is the number of counts acquired.

count density of a reference region such as the mediaStinuFﬂérefore dose and acquisition time should be maximized.

is hampered by several variables. First, tissue attenuation,Is - -
. . ) . rocedures to limit the effects of these factors will improve
nonuniform for intrathoracic organs because tissue densit . o )
. . . Image quality, that is, image resolution and contrast.
and, therefore, the attenuation coefficient vary. This non-

) . . . Somsen et al.33) and Somsen34) have developed a
uniform attenuation can be corrected theoretically using an . : S .
. ) . . .. ¥ method in which the count density in the left ventricular
iterative reconstruction algorithm or by constructing indi-_~. .

) . : L ; . cavity is used as a reference. Volumes of the myocardium
vidual attenuation maps during acquisition using a lingé

source. Second. photons that scatter within the patient and the left ventricular cavity are reconstructed from
' P P LBecT acquisitions. The count density in the left ventric-

ular cavity is calibrated by th&d activity in a venous blood
- sample drawn at the time of the acquisition. Subsequently,
A . . B cardiact?3-MIBG uptake can be calculated according to the
following equation: cardiaé?3-MIBG uptake = (myocar
dial count density/cavity count densityy venous blood
sample (Bg/mL).

!
&
B
5 5

delayed

en indistinguishable from unscattered photons with re-

PET Imaging
PET imaging protocols vary according to the radiotracer

characteristics and the available instrumentation. Obtained
volumetric datasets are realigned according to standardized
axes. Physiologic parameters can be assessed by applying
tracer kinetic models to quantitative datasets (Fig. 5). Re-
gion-of-interest analysis of the activity concentration inside

: o - the left ventricular cavity yields the time—activity curve of
FIGURE 3. Planar cardiac '*I-MIBG images of cancer patient  arterial blood and allows assessment of the arterial input
after chemotherapy. Intensity of cardiac MIBG uptake can be  fnction, Continuous thoracic PET scanning is performed
gssessed by comparing activity in heaft with activity in medias- for up to 3 h afteriF-fluorodopamine infusion. The total
tinum. Accelerated washout of MIBG is seen between early (A) . - e - ) o
and delayed (B) images after chemotherapy. ANT = anterior ~SCanning time is divided into intervals of 5-30 min, and the
view; Pl = postinjection. tomographic results of each interval are assessed. Scan
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neurochemical tests often fail to properly separate the dif-
ferent forms of dysautonomia.

- —— Goldstein et al. 10,35 have used PET scanning with
+ O i 18E-fluorodopamine to examine cardiac sympathetic inner

vation in patients with different types of dysautonomia. In

© rvor light of the PET findings, they proposed a new pathophys-
® Hem iologic classification of dysautonomias in which sympa-
thetic neurocirculatory failure results from peripheral sym-
pathetic denervation or decreased or absent sympathetic
signal traffic. The results of PET scanning are related to
central degeneration, to responsiveness to treatment with
levodopa—carbidopa, and to signs of sympathetic neurocir-
FIGURE 5. PET characterization of presynaptic volume distri-  culatory failure, with orthostatic hypotension and abnormal
bgtsifsn nc;f Ssur;c;c;argiing‘t;rs ing( gf ”g:;g:zzyzphﬁgrigeé Pa)mi: blood pressure responses associated with Valsalva’s maneu-
Eealth)g/ ch))Iunteersp (CONTROyL) :r?a patients wi¥h arrhythmo- ver. Patients W_Ith pure a_tutonomlc fa.llure or parkinsonism
genic right ventricular cardiomyopathy (ARVC), right ventricular and sympathetic neurocirculatory failure have no myocar-
outflow tract (RVOT), and hypertrophic cardiomyopathy (HCM). ~ dial *8F-fluorodopamine uptake or cardiac norepinephrine
Circles represent mean values; crosses represent SDs. spillover, indicating loss of myocardial sympathetic-nerve
terminals. Patients with the Shy-Drager syndrome have
increased levels ofF-fluorodopamine activity, indicating
intact nerve terminals and absent nerve traffic. Patients with
dysautonomia without sympathetic neurocirculatory failure
have normal levels ot®F-fluorodopamine activity in the
?'r%/ocardium and normal rates of cardiac norepinephrine
frames: 6x 30's, 2X 605, 2X 150’5, 2X 300'S, 2X 600'S,  gpijiover. 18F-fluorodopamine PET studies in combination
and 1x 1,200 s. With!C-CGP, continuous thoracic sean it neurochemical tests and clinical observations support
ning, recording data in list mode, is typically performed fOfyig ey clinical pathophysiologic classification of dysau-
1 h after infusion. Witht*-fluorocarazolol, acquisition pro y,nomias, with enhanced diagnostic differentiation between
tocols after infusion may consist of 8 frames 15 s, 4 multiple-system atrophy, Shy-Drager syndrome, parkinson-

framesx 30 s, 4 frames< 1 min, 4 framesx 2 min, 6 s \with autonomic failure, and peripheral autonomic fail-
framesX 4 min, and 2 frames< 10 min. For''C-MQNB, ure

data recording starts with the first injection. Sixty sequential Hearf Transplantation.During orthotopic heart trans-

images may be acquired, using 1 of the cross-sections gfightation, the entire recipient heart is excised except for the
reconstruction according to the specific protocol appliefpsterior atrial walls, to which the donor atria are anasto-
Scan sequences may consist of 22 framesx<-85 s, 4X  osed. During the process, the allograft becomes com-
30's, 2X 60 s, and 8< 150 s—aifter each infusion. pletely denervated. Lack of autonomic nerve supply is as-
sociated with major physiologic limitations. The inability to
CLINICAL APPLICATIONS perceive pain does not allow symptomatic recognition of
Primary Cardioneuropathies accelerated allograft vasculopathy, and heart transplant pa-
DysautonomiasDerangements of sympathetic and paraients often experience acute ischemic events or left ven-
sympathetic nervous system function are frequently encourieular dysfunction or die suddenly. In addition, denerva-
tered in neurology and cardiology. Autonomic hypofunctiotion of the sinus node does not allow adequate acceleration
can be caused by several drugs and disease-associated ljreart rate during stress and efficient increase in cardiac
neuropathies such as diabetes and amyloidosis. Autonomigput. Furthermore, loss of vasomotor tone may adversely
failure may also occur without an identifiable cause affect the physiologic alterations in blood flow, produce
sometimes in relation to a disease in which dysautonomiaakered hemodynamic performance at rest and during exer-
unlikely. A consensus statement by the American Aut@ise, and decrease exercise capacity. Scintigraphic uptake of
nomic Society and the American Academy of Neurolog}?3-MIBG and *'C-hydroxyephedrine supports the concept
distinguishes 3 forms of primary disautonomia: pure autthat spontaneous reinnervation takes place after transplan-
nomic failure, defined as a sporadic, idiopathic cause ta#tion 36—39. All studies performed upot5 y after heart
persistent orthostatic hypotension and other manifestatidrensplantation suggest that reinnervation is likely to be a
of autonomic failure that occur without other neurologislow process and occurs only aftey after transplantation
features; Parkinson’s disease with autonomic failure; aii0).
multiple-system atrophy. However, distinguishing between Sympathetic reinnervation, measured by regional distri-
Parkinson’s disease with autonomic failure and some forrhsation and intensity of myocardial MIBG uptake, increases
of multiple-system atrophy is difficult, and physiologic andvith time after transplantation, with a positive correlation

2 4 ] ) 10 12 14

B adrenoceptor density
Bmax lpmalg)

Catecholamine-Recycling
Vg [mifg]

sequences may consist of 5 framesl min, 5 framesx 5

min, 4 framesX 15 min, and 3 frames< 30 min. PET
scanning of'C-hydroxyephedrine andC-epinephrine usu
ally lasts for 60 min. Scan sequences may consist of
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et al. @2), using 23-MIBG, IC-hydroxyephedrine, and
11C-CGP, showed that in patients with idiopathic right ven
tricular outflow tract tachycardia, both the presynaptic myo-
cardial catecholamine reuptake and the postsynaptic myo-
cardialp-adrenoceptor density were reduced despite normal
blood catecholamine levels (Fig. 7). The maximal binding
capacity of thep-adrenoceptor antagonist was reduced in
patients with right ventricular outflow tract tachycardia, in
comparison with healthy volunteers (6:81.2 vs. 10.2+

2.9 pmol/g) 43). These scintigraphic findings represent the
only demonstrable myocardial abnormality in patients with
idiopathic tachycardia and fibrillation and suggest that myo-
cardialB-adrenoceptor downregulation in these patients oc-
curs subsequent to increased local synaptic catecholamine
levels caused by impaired catecholamine reuptdigp (

FIGURE 6. SPECT images of MIBG distribution in patient
presenting with partial reinnervation after heart transplantation.
MIBG activity (arrows) is seen in anterobasal segments of myo- Secondary Cardioneuropathies

cardium. HLA = horizontal long axis; HSA = horizontal short

axis: VLA = vertical long axis. Dilated CardiomyopathiesAfter the onset of myocardial

failure, enhanced sympathetic nervous system activity plays
an important role in supporting the cardiovascular system

o ) by increasing heart rate, contractility, and venous return.
between heart-to-mediastinum rates and time after traf§ipod pressure to preserve organ perfusion is supported by

plantation. Serial MIBG studies over time show that réinsysiemic arterial constriction, but on the other hand, in-
nervation begins from the base of the heart and spreqqgaseq sympathetic activity has deleterious effects on the
toward the apex (Fig. 6). MIBG uptake is seen primarily iRy gioyascular systenv ). Vascular constriction and in-
the anterior, anterolateral, and septal regions. MIBG uptakfsased salt and water retention by the kidneys increase the
is usually not apparent in the posterior or inferior myoca@nergy requirement of the myocardial wall. Altered sympa-
dial regions, except for some basal posterior localizatiof,atic cardiac adrenergic function may also cause arrhyth-
Complete reinnervation of the transplanted heart is not SEffhs. desensitization of postsynapfieadrenoceptors, and
on scintigraphic studies, even up to 12y after transplant@sijyation of other neurohumoral systems, such as the re-
tion. Early vasculopathy may inhibit the process of sympain_angiotensin system, which may themselves exert ad-
thetic reinnervation of the transplanted heart. The relatiofa,se effects and contribute to progression of myocardial
ship between reinnervation status and graft vasculopatfiyssnction. In addition, prolonged exposure to norepineph-
deserves further investigation and may help to characterigge may contribute to disease progression by acting directly
subsets of transplant patients with different clinical outs, the myocardium to modify cellular phenotype and result
comes. _ o _in myocyte death44,45.

In a recent PET perfusion and sympathetic reinnervation | 'natients with dilated cardiomyopathies, because of the

study of heart transplant patients, Di Carli et 8B)(showed jncreased concentration of circulating catecholamines re-
that blood flow increases in response to sympathetic stim-

ulation in the territory of the left anterior descending artery.

This territory has the highest uptake B€-hydroxyephed Perfusion (" TI)
rine, whereas in other territories, increase in flow and upta
of 11C-hydroxyephedrine is minor. This study also showd
that basal flow in transplant recipients is similar in a
coronary territories despite differences in sympathetic rei
nervation, suggesting that cardiac-efferent adrenergic s
nals play an important role in modulating myocardial bloo -
flow during activation of the sympathetic nervous systen Presynaptic Innervation ("’I-MIBG)

Idiopathic Ventricular Tachycardia and Fibrillationin

patients presenting with idiopathic ventricular tachycard
and fibrillation, no structural or functional abnormalities o ¢ \
the myocardium can be shown by conventional imaging a
clinical testing. Early diagnosis and treatment are of clinica
importance because ventricular fibrillation is the most conf!GURE 7. SPECT images of resting perfusion (*'T)) and

. . . sympathetic presynaptic innervation ('23I-MIBG) of left ventric-
mon arrhythmia at the time of sudden deadd)( Typical ular myocardium in patient with idiopathic ventricular tachycar-

arrhythmias in these patients can be provoked by physicald. Typically, regional innervation in segments of inferior wall is
mental stress or by catecholamine application. Schafengnted, whereas same segments show no perfusion abnormality.
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sulting from heart failure, the myocardial responsiveness
B-adrenoceptor agonists is blunted. Frequently, alteratio
of cardiac sympathetic innervation contribute to fatal ou
comes in patients with heart failure. Merlet et 648,
studying patients with functional classes II-IV ar@0%
left ventricular function, and using transplantation and ca
diac or noncardiac death as endpoints, showed that the o=
independent predictors of mortality were low MIBG uptak¢
and left ventricular ejection fraction. In addition, MIBG
uptake and circulating norepinephrine concentration we
the only predictors for life duration when using multivariate
life table analysis. Therefore, impaired cardiac adrenergic

innervation as assessed by MIBG imaging seems to BIGURE 9. Planar MIBG images of patient with dilated car-

L . . .. diomyopathy and almost absent cardiac MIBG uptake. This
strongly related to mortality in patients with heart fa”urepattern of denervation is associated with very poor outcome,

(Figs. 8 and 9). Along the same line, Maunoury et dB)(' ang heart transplantation has to be considered.
found that cardiac adrenergic neuronal function was im-

paired in children with idiopathic dilated cardiomyopathy,

although that particular study did not have sufficient folrestoration of cardiac neuronal uptake of noradrenaline is a
low-up for assessment of prognosis. Patients with congdsenefit of enalapril treatment in these patients. Suwa et al.
tive cardiomyopathy typically have accelerated washo(B3) prospectively evaluated whether MIBG myocardial
rates ©25% from 15 to 85 min), in comparison withimaging was useful in predicting responsesaidlocker
healthy volunteers{10%). Momose et al 50) assessed the therapy in patients with dilated cardiomyopathy. Heart-to-
prognostic value of washout rate in heart failure patients antediastinum ratios on early and delayed images were eval-
found that it was the most powerful independent predictoiated, as well as the percentage washout rate. The heart-to-
of prognosis and that a threshold of 52% clearly separatetgbdiastinum ratio on delayed images was a good predictor
negative outcome from survival. Cohen-Solal et &1)( of the response ta-blocker therapy, with a threshold of 1.7
showed that MIBG parameters correlated with other predicentifying responders to bisoprolol with a sensitivity of
tors of prognosis such as peak volume of oxygen us@l% and a specificity of 92%. These results indicate that the
Cardiac MIBG SPECT has also been used to assess charrgeponse tax-blocker therapy may be monitored with se-
in cardiac sympathetic neuronal uptake function caused gyential quantitative MIBG studies (Fig. 10).
pharmacologic interventiorb®). Somsen et al.33) showed The concept that prolonged sympathetic hyperactivity is
that enalapril improved cardiac sympathetic uptake functiaetrimental in chronic heart failure has been supported by
but did not affect plasma noradrenaline levels in a group of

patients with heart failure, supporting the concept that a

[-123 MIBG myocardial SPECT

[-123 MIBG myocardial SPECT

» P D @ P P b
1L N-N-N- N N
E-R-B-B B IE.

delayed

B P &8 8 § B

early
>
%

- CO®S

before 0.4 yrs. 3.3 yrs.
washout rate 247, 197
LVEF 287, 597 657

FIGURE 10. Sequential MIBG polar maps of patient who re-
sponded to a-blocker therapy. Studies were obtained before
FIGURE 8. SPECT MIBG study of patient with dilated cardio- and at follow-up intervals after a-blocker administration. MIBG
myopathy. Short-axis tomograms and reconstructed polar distribution improves over time, and washout rate is progres-
maps show decreased and heterogeneous myocardial MIBG  sively less. Left ventricular ejection fraction (LVEF) improves
activity. from 28% to 65%.

delayed
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trials that showed beneficial effects from angiotensin-cofFig. 11). Early after infarction, sympathetic denervation in
verting enzyme inhibitors anfi-adrenoceptor antagonists.adjacent noninfarcted regions is frequently observ). (
Therefore, reduction of sympathetic nervous activity is coibtudies have shown that a transmural infarction produces
sidered an important target for drug treatment of heattute sympathetic denervation in noninfarcted sites apical to
failure. Several mechanisms may contribute to reduc#te necrotic regions as measured by norepinephrine content
B-adrenoceptor responsiveness in heart failure, such aigl response to stellate stimulation. Nontransmural infarc-
downregulation off-adrenoceptors, uncoupling of subtype§on may also lead to regional ischemic damage of sympa-
of B-adrenoceptors, upregulation @fadrenoceptor kinase, thetic nerves but may spare subepicardial nerve trunks that
increased activity of G protein, decreased activity of adengourse the region of infarction to provide a source of inner-
lyl cyclase, and increased nitric oxide. Myocardial remodation to distal areas of the myocardium.

eling involves hypertrophy and apoptosis of myocytes, re- Minardo et al. §8) used*?3-MIBG to show that the area
gression to a fetal phenotype, and changes in the naturedbfdenervation extended beyond the region of infarction.
the extracellular matrix. Noradrenaline seems to contribuddcGhie et al. £6), evaluating patients with MIBG scintig-

to many of these changes by direct stimulation of adrent@Phy on day 10 after acute myocardial infarction, found
ceptors on cardiac myocytes and fibroblasts. The hypertfhat the area of reduced uptake was more extensive than the
phic effect of noradrenaline is associated with the reexpré¥€a of the thallium perfusion defect. These regions may be
sion of fetal genes and the downregulation of several ad@fSociated with spontaneous ventricular tachyarrhythmias
genes. Cardiac neurotransmission imaging can play a roldfter myocardial infarction59). Sympathetic stimulation is

future trials to assess new forms of medical therapy s&pown to lower the threshold of ventricular tachycardia and
improving outcomes in heart failure fibrillation during acute myocardial ischemia. Adrenergic

The death of cardiac myocytes by apoptosis may Contriggznervation of viable myocardium results in denervation
ute to pathologic remodeling. Apoptosis is a highly reg@gpersensitivity, with an exaggerated response of myocar-

lated sequence of molecular and biochemical events guio(\i:fﬂm _to sympathetic stlmu_lgnon. Dent_arvanon SUpersensi-
by a genetic program. Although apoptosis was thought n&\pty is related to vulnerability to ventricular arrhythmias.

to occur in terminally differentiated cardiac myocytes, Na- eg|ona_l sympathetic deneryanon IS possibly one of th_e
. . mechanisms that renders patients with coronary artery dis-
rula et al. 64) showed that apoptosis was present in the . . . k
. . . . . ease susceptible to ventricular arrhythmias during myocar-
myocardium of patients with end-stage dilated cardiomyog-_, . : . . . .
. L . ial ischemia. Reinnervation late after myocardial infarction
athy, leading to the concept that continuing loss of viable™ :
. . . ._In periinfarct regions has also been shown by reappearance

myocytes contributes to progressive myocardial failure.

Several studies have suggested that the toxic effegtant-
renoceptor stimulation is mediated in part by apoptosis. In
cultured myocytes, exposure to noradrenaline for 24 h sti stress rest MIBG stress rest MIBG
ulates the frequency of apoptosis, which is inhibited H

) O D ) O "

propranolol. In comparison, little is known about the effecf
of noradrenaline on the extracellular matrix, although ng
adrenaline stimulates the expression of transforming gro
factors that regulate extracellular matrix proteins. Cardid
neurotransmission imaging can help to improve understa
ing of the mechanisms responsible for increased symy
thetic activity in heart failure, and knowledge of how sym
pathetic overactivity exerts its deleterious actions will res
in better therapy and outcome for patients with heart failu
which is still a major cause of disability and mortality ang
represents a major health problem despite therapeutic
vances. before rehabilitation after rehabilitation

Coronary Artery DiseaseSympathetic nervous tissue
may be more sensitive to the effects of ischemia than FGURE 11.  Myocardial exercise/rest perfusion studies (*"Tc-

. . i ici i i 123|- -
myocardial tissue. Uptake &#3-MIBG has been shown to ftrofosmin) and sympathetic innervation studies (*I-MIBG) per
formed before and 6 mo after exercise rehabilitation in patient

be significantly reduced_ In areas of myocardial 'nfar?t'OWith coronary artery disease. Before rehabilitation, myocardial
and of acute and chronic ischem&5¢57. A decrease in perfusion study shows anterior and apical ischemia. MIBG
MIBG uptake in ischemic tissue represents loss of integrigpudy shows decreased uptake in same territories. After reha-
in postganglionic, presynaptic neurons. Ischemia likely jfplitation, marked improvement in myocardial perfusion is seen,

duces damage to svmpathetic neurons. which ma takwhereas sympathetic innervation study is similar to study before
g ymp ’ Yy %x%rcise rehabilitation, suggesting persistent neuronal damage

long time to regenerate, and repetitive episodes of ischemgi@r repetitive myocardial ischemia. HSA = horizontal short
likely result in a relatively permanent loss of MIBG uptakeaxis; VLA = vertical long axis; HLA = horizontal long axis.
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of MIBG uptake by 14 wk after infarction60,61). Rein- nal uptake of catecholamines in hypertrophied myocardium
nervation may be, in part, responsible for the return aff patients with hypertrophic cardiomyopathy.
function during this period. However, reinnervation may be Arrhythmogenic Right Ventricular CardiomyopatHyi-
incomplete as late as 3 mo after acute infarction. Hartdrolipomatous degeneration of the right ventricular myocar-
kainen et al. §0) examined MIBG uptake at 3 and 13 madium is the main structural abnormality in arrhythmogenic
after a first infarction and found no difference in MIBGright ventricular cardiomyopathy. In these patients, the ev-
activity over time within the infarcted zone but an increaselence of ventricular tachyarrhythmias and cardiac arrest
in activity in the periinfarcted region without a change irthat can be provoked during exercise or stress, and the
perfusion. sensitivity to catecholamines, strongly suggest that the
The eventual concordance between the extent of MIB&mpathetic nervous system is involved in arrhythmo-
defect at rest and perfusion defect at exercise in patiegisnesis 13,74. Studies with MIBG-SPECT anél!C-hy-
with coronary artery disease suggests that mild degreesdobxyephedrine PET have shown that although the left
ischemia may be injurious to the integrity of myocardialentricle is not involved in the disease, there is evidence of
sympathetic neurons62—65. Correlation between the global and regional denervation in presynaptic catechol-
MIBG defect and the area at risk and the presence of angeine reuptake and storage of the left ventricle, as well as
further supports the concept of neuronal damage in thereduction in the postsynaptR:adrenoceptor density as-
ischemic territory. Although association between MIBGessed by'C-CGP PET 75,76. By values for CGP of
defects and clinical angina can be explained as a con8e9 = 1.3 pmol/g of tissue have been shown in patients with
guence of ischemia, it is intriguing that the perception @frrhythmogenic cardiomyopathy versus 16:2.9 pmol/g
pain occurs from the area that lacks sympathetic innend@gssue in healthy volunteers7). These findings suggest
tion. Because MIBG defects in the ischemic territory are noéduced activity of the noradrenaline transporter (uptake-1)
absolute, partial neuronal innervation may allow perceptiamth subsequenB-adrenoceptor downregulation and have a
of chest pain. The MIBG studies in cardiac allograft recippotential impact on diagnostic evaluation and therapeutic
ients also support the finding of both susceptibility omanagement of patients with arrhythmogenic right ventric-
sympathetic neurons to ischemia and adequacy of partigr cardiomyopathy.
innervation for nociception. Reinnervation in transplant Diabetes Mellitus.The sympathetic nervous system ap-
recipients is almost never complete; still, these patients cpears to be activated during the early stages of diabetes,
perceive pain. On the other hand, in all patients who sustaiith elevated plasma catecholamine levels. This prolonged
early episodes of allograft vasculopathy, reinnervation doegposure to catecholamines leads to downregulation of ad-
not develop even up to 12 y after heart transplantation. Thisnergic receptors and to alterations in adrenergic nerve
finding also supports the concept of extreme sensitivity &bers in the myocardium. Hyperglycemia and insulin defi-
sympathetic innervation to ischemic stress—even greatgency may also contribute to the abnormalities in cardiac
than the sensitivity of the myocyt®&%—69. innervation in diabetes. Kim et al7§) showed decreased
Hypertrophic CardiomyopathyHypertrophic cardiomy- 123-MIBG uptake associated with autonomic dysfunction in
opathy is genetically determined; however, autonomic dydiabetic patients and a correlation between decreased car-
function seems to play a role in the phenotypic expressiatdiac MIBG uptake and increased mortality. MIBG scintig-
Several clinical features of hypertrophic cardiomyopathyaphy seems more sensitive than autonomic nervous func-
suggest increased sympathetic outflow. The incidence tain tests for the detection of autonomic neuropathy in
chest pain and myocardial hypercontractility, the propensitiiabetes, particularly in early stages of the disease. Scog-
to ventricular arrhythmias and sudden death, and the benamiglio et al. 79 showed that impairment of cardiac
ficial effect of a-blockers suggest increased delivery ofympathetic innervation, as revealed by MIBG studies, cor-
norepinephrine to myocardial adrenoceptors. Cardiac prelates with an abnormal response to exercise in diabetic
synaptic catecholamine reuptake is impaired in hypertroptpatients and may contribute to left ventricular dysfunction
cardiomyopathy, in association with reduced postsynaptiefore the appearance of irreversible damage and overt
B-adrenoceptor density, suggesting an increased neurotréresart failure. Hattori et al.80) reported that diabetic pa-
mitter concentration in the synaptic cleft. This increase caients with scintigraphic evidence of severe myocardial de-
be shown by quantitative PET studies usidC-hy- nervation present with hyperreaction to dobutamine stress.
droxyephedrine an#!C-CGP 69,70. An increased wash This finding may, in part, explain the high incidence of
out rate &25%) between initial and delayed images hasudden death in patients with advanced diabetes mellitus.
also been described in hypertrophic cardiomyopathy, sec-HypertensionScintigraphy of cardiac sympathetic inner-
ondary to activation of the sympathetic nervous system. Thation may play a role in the assessment of arterial and
autonomic dysfunction in these patients is probably relatpdimonary hypertension. Morimoto et a81) investigated
to disease progression and, ultimately, heart faildied?. the relationship between hypertensive cardiac hypertrophy
In patients studied with3N-ammonia and®F-fluorodopa and cardiac nervous function before and after hypertensive
mine, thel8F:13N ratio is lower in hypertrophied than intherapy in patients with untreated essential arterial hyper-
nonhypertrophied region§2), indicating decreased neuro-tension. A regional and global improvement in cardiac
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sympathetic nervous function, as seen'&h-MIBG stud- FUTURE DIRECTIONS

ies, appeared to be related to regression of hypertensiverhe neuronal function of the heart is altered in many
cardiac hypertrophy. Furthermore, in patients with pulmezardiac disorders, such as congestive heart failure, ischemia,
nary hypertension, the uptake ratio of MIBG between theardiac arrhythmias, and certain cardiomyopathies. Cardiac
interventricular septum and the left ventricular myocardiumeurotransmission imaging opens many possibilities for im-
correlated with right ventricular overloadZ,83. There- proving our understanding of the pathophysiology of the
fore, scintigraphic assessment of the adrenergic nervailseases, improving our selection of patients for various
system may, conceivably, play a role in the multidiscireatments, and improving our assessment of the results of
plinary assessment and management of hypertension. therapy. As new drugs are shown effective for heart failure,
Drug-Induced CardiotoxicityMIBG studies have also the identification of markers predictive of drug efficacy for
been used to assess impairment of adrenergic innervatindividual patients becomes increasingly important. Clearly,
from anthracycline cardiotoxicity. Decreased myocardialeuronal receptor function can be modulated with appropri-
MIBG uptake has been observed after administration aefe treatments; therefore, cardiac neurotransmission studies
doxorubicin hydrochloride, with limited morphologic dam-have great potential for affecting clinical decision making if
age B4). In these studies, decreased myocardial MIBthe effectiveness of treatments can be assessed and pre-
uptake preceded deterioration of ejection fraction. MIB@icted using SPECT or PEBT,88.
uptake revealed a dose-dependent decline that could bé&uture directions include developing new and more phys-
caused by excessive compensatory hyperadrenergic waglpgic tracers, such as the non-carrier-adé&tfluoro-
out from the myocardium or by direct adrenergic neurol@dobenzylguanidine8@), which is a more physiologic cat-
damage. Hyperadrenergism seems unlikely because mg§gholamine analog than MIBG; implementing cardiac
cardial norepinephrine does not decline as plasma norepfurotransmission imaging in clinical practice; and focusing
nephrine levels rise with increasing dose, suggesting a sé-the assessment and prediction of therapy. Also, devel-
cific adrenergic neuron toxicity rather than a nonspecif@Pment of*"Tc analogs of MIBG may lead to widespread
response to an impairment in ventricular function. ValdéiPplication of cardiac neurotransmission imaging. In addi-
Olmos et al. 85) reported decreased myocardial MIBé'O” tg PET tracers, S_PECTIlgands have to be dev_el_oped for
uptake in patients with severely decreased ejection fractibRaging the expression of adrenergic and muscarinic recep-

after doxorubicin administration. A correlation with paramtors' Labeling iododexetimide witt#4 for SPECT imaging

eters derived from radionuclide angiocardiography sug-:s been attempted@). Studies are needed to validate

gested a global process of myocardial adrenergic deran ese tracers in clinical practice. Other types of receptors
at can be targeted, and for which preliminary attempts

men dicate the feasibility of such an approach, include benzo-

A decrease in myocardial MIBG uptake has also be%}azepine receptor®9(), which have a role in the modula-

repo.rted regarQ!ess of the patlenFs functional status., SL{%n of cardiac vagal tone; angiotensin receptors; and recep-
gesting a specific effect. Progressive myocyte necrosis d%lo-

) . . - . . rs of endothelin and adenosine. Targeting of second
ing doxorubicin cardiotoxicity can be associated with car- - .

. o . o m]essenger molecules, generated after binding of transmit-
diac neuroadrenergic tissue necrosis. In fact, the cI|n|ct%

course of doxorubicin cardiotoxicity suggests altered ne s to their receptors, may offer a new way of assessing
Y sugg Hardiac neurotransmission processes. Some radiotracers for

roendocrine physiology. This suggestion is supported by tﬂ’?e second messenger system are already on the horizon
observation of decreased adrenergic responsiveness @S Recent research d-adrenoceptors has detected ge-
myocardial catecholamine stores with increased plasma Galsic yariants that may have major implications in the future
echolamines. The decrease in myocardial MIBG accumulgsy ejopment of heart failure and early associated mortality.
tion parallels the evolution of ejection fractioB). When g5y assessment of cardiac sympathetic innervation and
receiving intermediate cumulative doses of 240-300 Mgy treatment to prevent heart failure in genetically pre-
m?, 25% of patients present with some decrease in MIBgisposed individuals may be an important future application
uptake. At maximal cumulative doses, MIBG uptake desf cardiac neurotransmission imagir@g).

creases significantly, consistent with impaired cardiac ad-several clinical goals need to be met to establish the
renergic activity. A moderate to marked decrease in myglinical usefulness of cardiac neurotransmission imaging.
cardial MIBG uptake at high cumulative doses wagongestive heart failure accounts for a great burden on the
observed in all but 1 patient with a 10% decrease in ejectipfedicare budget; we need to evaluate whether MIBG im-
fraction @6). These data suggest that the assessmentagfing is more useful than available methods for triage of
drug-induced sympathetic damage can be used to selgatients to transplantation or medical therapy. We also need
patients at risk of severe functional impairment and who define the function of cardiac neurotransmission imaging
may benefit from cardioprotective agents or changes in tire determining the risk of sudden death in patients with
schedule or administration technique of antineoplasti¢able but denervated myocardium after myocardial infarc-
drugs. tion. Finally, we need to determine the role of cardiac
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neurotransmission imaging in the eariy detection of autd2. Knickmeier M, Matheja P, Wichter T, et al. Clinical evaluation of no-carrier-

: f . : f added metalfd)iodobenzylguanidine for myocardial scintigraptgur J Nucl
nomic neuropathy in diabetes mellitus. If the role of cardiac Med. 2000:3:302-307.

neurotransmission imaging in control of therapy and aSSE8%-Gill s, Hunter GJ, Gane G, Camm AJ. Heterogeneity of the human myocardial
ment of prognosis is established, the future of cardiac nu- sympathetic innervation: in vivo demonstration by iodine 123-labeled metaiodo-

clear medicine will be ensured and bright.
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