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Altered sympathetic neuronal signaling is a hall-

mark of the failing heart, initially as a compensatory

mechanism, but chronic stimulation exacerbates damage

and promotes progressive functional decline. Global and

regional changes in sympathetic nerve density may be

non-invasively interrogated by radiolabeled analogs of

endogenous neurotransmitters, providing insight into the

presynaptic cycling of norepinephrine, including neu-

ronal reuptake, vesicular packaging, as well as active

and passive release.1 Imaging of the intrinsic cardiac

sympathetic neuronal signaling system has posed

numerous challenges, particularly relating to the quan-

tification of innervation relative to sympathetic activity.

While large-scale imaging studies have emphasized the

relationship between reduced sympathetic neuronal

signal and heart failure progression,2 or heterogeneous

innervation and sudden cardiac arrest,3 routine clinical

application of sympathetic neuronal imaging has

remained elusive.

The direct involvement of the sympathetic nervous

system in pulmonary arterial hypertension (PAH) has

garnered interest in recent years.4 Noninvasive evalua-

tion of sympathetic neuronal contribution in PAH could

provide mechanistic insights into disease pathogenesis

and targeted therapy. Imaging, however, has been gen-

erally restricted to interrogating the left ventricle by

necessity, owing to the limited ability to resolve the

thinner and less densely innervated right ventricle. In

this issue of the Journal of Nuclear Cardiology, Zelt and
colleagues use 11C-meta-hydroxyephedrine (HED)

imaging to investigate cardiac sympathetic neuronal

integrity in the left and right ventricle of a rat model of

PAH with and without pharmacologic inhibition of

adrenergic signaling via the third-generation beta-

adrenoceptor blocker carvedilol.5

The PAH model induced by the vascular endothelial

growth factor receptor protein tyrosine kinase 1/2 inhi-

bitor, Sugen 5416, in combination with prolonged

hypoxia exposure generates marked right ventricular

hypertrophy and severe PAH.6 In the current investiga-

tion, Zelt et al assess left and right ventricular 11C-HED

retention at 9 weeks after Sugen-induced PAH and 4

weeks of continuous carvedilol or vehicle treatment.

They observe limited differences in the hemodynamics

and right ventricle function in response to beta-blocker

therapy, in parallel with no difference in the 11C-HED

distribution volume and modestly reduced tracer wash-

out from the right ventricle.5 Notably, the retention of
11C-HED in the right ventricle correlated directly with

dopamine-beta-hydroylase-positive sympathetic neurons

and inversely with right ventricle pressure. The expan-

sion of 11C-HED imaging methods to the right ventricle

is a significant achievement, which may build a new

foundation for further applications of sympathetic neu-

ronal imaging. The clinical relevance of these findings,

combined with the inherent challenge of quantitative

cardiac sympathetic neuronal imaging, proffer an

opportunity for further study, and necessitate careful

investigation.

One limitation is the lack of a demonstrable

response to the carvedilol treatment. Previous studies in

PAH rats have reported a moderate reduction in heart

rate, indicative of suppressed cardiac sympathetic
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activity,7 which, while possibly present, is more subtle

in the present report. It is relevant that the treated PAH

animals do not exhibit differences in the right ventricle

geometry nor pressure compared to vehicle-treated

control group. To effectively demonstrate the sensitivity

of 11C-HED to detect therapeutic response necessitates

clearer delineation of the therapeutic efficacy. In a small

clinical study of idiopathic PAH patients, titrated biso-

prolol lowered heart rate, but 11C-HED signal remained

equivalent to baseline pre-treatment measurements, and

right ventricle contractile function did not improve.8

Such observations raise questions as to the efficacy of

beta-blocker therapy for PAH and more critical ques-

tions as to the accuracy of 11C-HED retention

measurements. The impact of beta-blockers on heart rate

and on 11C-HED retention and washout cannot be con-

sidered mutually exclusive. Retention of 11C-HED is

highly flow dependent, such that lower heart rate can

certainly contribute to tracer uptake and washout.9

This consideration returns to the crux of the 11C-

HED quandary. Chiefly, what does 11C-HED actually

quantify? Studies in small and large animal models have

established distinct differences in quantitative retention

and regional distribution of various radiolabelled nore-

pinephrine analogs, depending on affinity for

presynaptic uptake-1 and vesicular monoamine trans-

porter, and susceptibility to monoamine oxidase.10

Moreover, the precise relationship between 11C-HED

and sympathetic activity remains equivocal. While

higher norepinephrine content leads to reduced 11C-

HED uptake,11 and cardiac uptake-1 expression corre-

lates inversely with 11C-HED retention.12 These

observations suggest a relationship to sympathetic neu-

ronal activity, they need to be backed up with definitive

experimental evidence, rather than preconceived solu-

tions. The value of retention index remains contentious,

especially considering the cyclic nature of uptake and

release of norepinephrine analogs. The PAREPET study

concludes that the relative area of denervation more

powerfully predicts sudden cardiac arrest than the

absolute retention index values.13 Subanalyses of the

ADMIRE trial have suggested that patients with inter-

mediate heart-to-mediastinal ratios, i.e., the relative

global accumulation of 123-metaiodobenzylguanidine,

rather than the lowest have the highest incidence of

cardiac death. This would be consistent with the notion

that regional heterogeneity contributes to the substrate

of sudden cardiac death. In PAH, the contribution of

heterogeneous innervation remains unknown.

Delineation of the PAH right ventricle is a major

undertaking. To demonstrate a relationship between the

HED retention and the density of right ventricle sym-

pathetic nerve terminals is impressive, considering the

limited size of the RV wall. Notably, the density of

sympathetic neuronal varicosities is lower in the right

ventricle than the left, compounding the challenge

imposed by lower wall thickness. Accordingly, the ‘true’

retention of 11C-HED in the right ventricle remains

equivocal. In the current issue, Zelt et al restrict analysis

in healthy hearts to a single right ventricle, and then only

a uniformity measurement. As has been necessary for

the growth of left ventricle measurements, the repro-

ducibility and accuracy of 11C-HED right ventricle

measurements needs to be tested effectively against

nerve density and activity. While the right ventricle 11C-

HED distribution volume correlated with dopamine-

beta-hydroxylase immunostaining of sympathetic neu-

ronal varicosities, direct association of imaging to

sympathetic nerve activity and catecholamine content

could provide greater evidence of the validity of the

imaging measurement.

Imaging in PAH has largely focused on metabolic

measurements, where changes in the standardized

uptake value accumulation of fatty acid substrate FTHA

or glucose analog 18F-FDG reflect metabolic shifts in the

remodeling right ventricle. An increase in the ratio of

right-to-left ventricle metabolism for FDG or FTHA

inversely correlate with declining right ventricle ejection

fraction.14 Indeed, the markedly increased right-to-left

SUV ratio has been suggested to predict prognosis in a

small study of stable patients with PAH.15 In a previous

clinical study, impaired RV sympathetic innervation was

identified by 11C-HED left heart failure patients with

right ventricle dysfunction as compared to those with

normal right ventricle geometry. This study utilized

standardized uptake value and retention index, reporting

a * 20% reduction in both measurements.16 As noted,

the archetypal clinical study on 11C-HED (i.e.

PAREPET) denoted that the extent of the sympathetic

innervation defect rather than quantitative indicators of

reuptake and retention were the most powerful predic-

tors of sudden cardiac arrest.13 This bodes well for the

complicated imaging of the right ventricle, where the

accuracy of quantitative assessment may be challenged

by partial volume effects and lack of a standardized

healthy baseline.

Growth of sympathetic neuronal imaging is impe-

ded by current limitations, which can begin to be

addressed by studies such as Zelt et al First, quantitative

measurements, especially of 11C-HED are not uniform,

and the dynamic nature of uptake and retention of

lipophilic norepinephrine analogs limits the direct

interpretation of the physiological meaning of altered

tracer uptake. This complication is compounded by the

small number of clinical sites that routinely utilize the

imaging methods, which in part contributes to the

lethargic growth of sympathetic neuronal imaging. The

continued development, characterization, and rollout of
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fluorine-18-labeled compounds may impel broader

acceptance of the measurement, and provide the impetus

for standardized and reliable analysis methods that can

be utilized in multiple centers,17,18 supported by

expanded and validated quantification methods.

Second, cardiac molecular imaging cannot lose

sight of the goal to influence clinical decision making.

Earlier studies have demonstrated the sensitivity of 11C-

HED to denote successful therapy.19 The smaller the

distance between the molecular imaging probe and the

therapeutic target, i.e., closer adherence to an indirect

theragnostic model, the more effective the imaging

agent can be. Indeed, this highlights a limitation of

sympathetic neuronal imaging in its current form, that

therapy tends to target the opposite side of the synapse,

e.g., treating the post-synaptic adrenoceptors while

imaging the presynaptic reuptake system, albeit with

ancillary effects on sympathetic transmission. The

widespread use and attainability of beta-blockers

detracts from the value of sympathetic neuronal imaging

compared to other molecular imaging targets. In non-

conventional applications like PAH, such investigation

of therapeutic response or non-response may have

mechanistic implications for the development of alter-

native therapies.

Third, broader applications create more data for the

validation of the imaging technique and quantification

methods. In the present case, imaging of the right ven-

tricle is an exciting new avenue to branch out cardiac

sympathetic neuronal imaging from its conventional

base, though direct validation of the accuracy of mea-

surements both in disease and healthy right ventricle is

needed to advance this potential.

Attaining orbit requires unified thrust in the same

direction; the same principal may be applied to sympa-

thetic neuronal imaging of the heart. A robust

combination of more diverse clinical applications,

greater availability of a consistent radiotracer, reliable

and transferrable quantification methods, and a tangible

link to therapy, together, may provide the impetus for

discernible growth of sympathetic neuronal imaging in

nuclear cardiology. As such, application to new condi-

tions like PAH could contribute the ‘right’ stuff to fuel

escape velocity from clinical stagnancy.
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