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The inherent strength of nuclear cardiology imaging

lies in its high sensitivity and capacity for dynamic

longitudinal interrogation of evolving (patho)physio-

logic processes. The ability to monitor molecular

changes in the development and resolution of disease is

a powerful tool for clinical research and practice.
18F-Deoxyglucose (18F-FDG) has been the vanguard of

molecular imaging, finding a niche not only in cardiac

metabolism, but also as a marker of inflammation due to

uptake by activated inflammatory cells.1 Taken in perspec-

tive, the versatility of 18F-FDG is quite remarkable. But this

target flexibility can also limit the effectiveness of FDG for

molecular imaging. In recent years, a widening array of

novel or repurposed tracers targeted to specific physiologic

mechanisms, cell types, or receptors have emerged to eval-

uate various components of the disease process. To this end,

recent studies have evaluated novel tracers targeting che-

mokine receptors on leukocytes (e.g., 68Ga-pentixafor),2

somatostatin receptors on activated macrophages (e.g.,
68Ga-DOTATATE),3 mannose receptor on M2-polarized

macrophages (e.g., 18F-mannose),4 avb3 integrin expression
in atherosclerotic plaque (e.g., 18F-galacto-RGD),5 elastin

expression by vascular endothelial cells (e.g., 64Cu-G1C

glycoprotein),6 or matrix metalloproteinase expression in

extracellular matrix (e.g., 18F-RP802).7

Another emerging biomarker is sphingosine-1

phosphate (S1P), a soluble chemoattractant cytokine

involved in postnatal vascular development, immune

cell homing, endothelial cell permeability, and vascular

smooth muscle migration. In the current issue of the

Journal, Jin and colleagues present a preliminary eval-

uation of the novel sphingosine-1-phosphate receptor 1

(S1P1) ligand
11C-TZ3321 for molecular PET imaging

of vascular injury, specifically targeting neointimal

hyperplasia.8 Expansion of the vascular intima is asso-

ciated with increased S1P1 expression by invading

smooth muscle cells, providing an enticing imaging

target to non-invasively assess vascular remodeling. In a

clinical setting, S1P1-expressing vascular smooth mus-

cle cells contribute to in-stent restenosis, a situation for

which an imaging biomarker may be of significant

benefit.

Jin and colleagues report that 11C-TZ3321 exhibits

high affinity and selectivity for S1P1 in vitro, and dis-

plays favorable biodistribution in healthy animals,

though basal tracer accumulation in non-target organs is

relatively high. Small animal PET imaging after femoral

artery denudation injury demonstrates a sustained

increase in 11C-TZ3321 binding localized to the injured

artery of ApoE-/- mice compared to both the con-

tralateral leg and to wild-type mice over 4 weeks after

arterial injury. The elevated binding was associated with

increased intimal thickness, vascular smooth muscle

content, and positive S1P1 immunostaining. By contrast,
18F-FDG uptake at 1 week post-injury did not differ

between strains and was localized superficial to the

injured artery, suggesting non-specific inflammation

related to surgical procedure. Taken together, these

findings suggest that 11C-TZ3321 can distinguish vas-

cular smooth muscle expansion and intimal thickening

in a manner distinct from 18F-FDG.

S1P receptors are an interesting imaging target

considering their complex signaling, regulation, and

expression patterns. Physiologically, S1P receptors

mediate vascular permeability, which may suggest a

wider application in terms of a surrogate marker of

inflammation, early in the cell infiltration process.

Moreover, S1P is implicated in the beneficial effects of

high density lipoproteins (HDL), and non-invasive
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evaluation of receptor expression may provide some

insight into the complex role of HDL. It is important to

note that the retention patterns of 11C-TZ3321 and 18F-

FDG are distinct, reflecting different imaging targets and

potentially different stages in disease progression, a

microcosm of the oppositional forces of specificity and

versatility.

Moreover, different subtypes of S1P receptors

mediate different pathways. For example, S1P2 is

thought to promote inflammation, whereas S1P1 is

thought to suppress it.9,10 In the case of vascular smooth

muscle cells in neointimal hyperplasia, S1P1 is an

attractive and likely selective target, whereas S1P2 or

S1P3 binding may be preferred in other conditions.

Acute balloon injury in rat carotid artery evokes an early

increase in S1P1 mRNA to 72 hours, followed by a

smaller increase in S1P2 mRNA at *10 days.11 Such

complex regulation poses the question: does the target-

ing of one S1P receptor subtype focus or blur the true

physiology of the disease progression? In the case of

imaging vascular smooth muscle cells, tracer specificity

is clearly beneficial, but does this impact the wider

application of the tracer? An ancillary benefit may be

found in the parallel development of S1P-targeted

pharmaceuticals such as FTY720, which provides the

direct opportunity for monitoring of therapeutic effect.

Indeed, a recent report has detailed the labeling of a

series of FTY720 analogs with fluorine-18 for PET

imaging.12 It should be noted that as a carbon-11-labeled

tracer, 11C-TZ3321 production requires an on-site

cyclotron; further rollout necessitates the development

of an 18F-labeled analog.

Jin and colleagues have provided a thorough and well-

controlled preliminary evaluation of 11C-TZ3321 as a lead

compound for PET imaging of S1P1. Their study is not

without some limitations. Firstly, thewire-induced femoral

artery denudation model has important differences from

clinical manifestation of in-stent restenosis. In particular,

while denudation of a native artery promotes intimal

thickening and vascular smooth muscle cell proliferation,

the signaling factors (including S1P) cannot directlymimic

the coronary stent microenvironment in vivo. It is curious

that the milder intimal thickening in wild-type mice does

not evoke a clear S1P1 TZ3321 signal. While the authors

accurately point out that themajority of patients with stents

have a history of hyperlipidemia, the severity is exagger-

ated in the ApoE-/- mouse.

Secondly, the findings by Jin and colleagues are

largely observational and tracer-dependent. While they

have reported on the increased intimal thickness in the

wire-injured femoral arteries of ApoE-/- mice com-

pared to those of wild-type mice, there is no direct

quantification of S1P1 beyond qualitative immunos-

taining. The timecourse of tracer distribution is

somewhat problematic, in that the signal in the injured

artery does not evolve over time, remaining constant

over 4 weeks after wire injury, whereas neointimal

thickening in the model has been described as a pro-

gressive process.13 In the absence of serial

histopathology, it is difficult to reconcile the imaging

information with the severity of the vascular smooth

muscle cell proliferation and neointimal hyperplasia.

Clearly, 11C-TZ3321 shows a higher sensitivity to these

changes than 18F-FDG, but the prognostic power and

clinical relevance will need to be established. Additional

indirect evidence supports the specificity of 11C-TZ3321

for vascular smooth muscle cells in this setting, but the

precise cells responsible for the in vivo image are not

directly identified—the resolution of autoradiography,

let alone PET, is insufficient to resolve the cellular or

regional binding due to the very small size of the

femoral artery. Flow cytometry may allow a more robust

cellular characterization of in vivo 11C-TZ3321 uptake.

Thirdly, the feasibility to translate findings from a

fairly remote peripheral artery, distant from the high

lung, liver and heart activity (3-60% ID/g at 60 minutes

post-injection, per biodistribution) remains unclear.

Indeed, the in vivo images presented in the manuscript

illustrate intense activity in the abdominal and thoracic

cavity, which would interfere with imaging arteries

located in these regions. Certainly, tracer clearance can

differ widely between mice and humans,3,14 but

acceptably low background will be of critical impor-

tance for the intended target of in-stent restenosis.

Finally, the comparison of 11C-TZ3321 to 18F-FDG

is limited to a single, early timepoint (1 week) in the

disease progression. While the tracer signals appear to

reflect different pathological processes (vascular smooth

muscle cell proliferation vs post-surgical inflammation,

respectively), it would be interesting to know whether
18F-FDG uptake changes over the timecourse of the

intimal thickening.

These limitations notwithstanding, the work con-

tributes to a growing body of literature on molecular

imaging in nuclear cardiology. As more specific

molecular targets of disease are identified, the balance

between developmental effort and clinical payoff must

be negotiated. Highly specific tracers may provide

excellent image clarity, but does the research and

development effort justify the perceived advantage over
18F-FDG? The demonstration of such benefit relies on a

combination of prognostic value and the evaluation of

therapy. Outcome-based strategies are paramount—the

ability to detect a difference in tracer binding between

health and disease states is only the first step; rather, it is

essential that a candidate tracer determines not only the

presence of abnormalities, but also defines the prog-

nostic value or evaluate the resolution of these
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abnormalities by therapeutic intervention.2,7,15 It

appears that 11C-TZ3321 can distinguish between mild

(wild-type) and more severe (ApoE-/-) neointimal

hyperplasia (albeit with limited binding in the mild

phenotype), but it will be important to determine whe-

ther the tracer has sufficient sensitivity to identify mild

vascular smooth muscle proliferation before overt dis-

ease. The molecular targeting of the tracer underlies the

potential to exceed identification of restenosis by

anatomical imaging alone. Highly controlled serial

imaging and correlation to physiologically significant

stenosis will be important to empirically demonstrate

such added value.

Moreover, recent studies have established the power

of molecular imaging to evaluate the resolution of dis-

ease and response to therapeutic intervention. For

example, the CXCR4-specific 68Ga-pentixafor in vivo

PET signal was responsive to anti-inflammatory therapy

in mice after myocardial infarction,2 and 18F-galacto-

RGD uptake in atherosclerotic plaques declined after

cessation of atherogenic diet in mice.16 Pharmacological

blockade of S1P1 by FTY720 after femoral artery

denudation is a logical next step, and may provide

valuable insight into the sensitivity of the tracer and its

suitability for monitoring therapeutic efficacy. Angio-

tensin receptor blockade has also been suggested to

inhibit neointimal hyperplasia,17 providing an alterna-

tive approach for comparison of non-targeted, clinically

relevant therapy.

Expanding the clinical repertoire for molecular

imaging beyond 18F-FDG is an arduous undertaking.

Regulation will remain a fundamental obstacle for

translating preclinical findings to clinical practice.

Nonetheless, novel tracers with an established applica-

tion can provide important complementary information

for diagnosis and prognosis of cardiovascular disease.

Studies such as Jin and colleagues are critical to the

continued evolution of molecular imaging, striving to

attain the fine balance between specificity and

versatility.
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