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Inflammation plays an essential role in a number of

cardiovascular diseases.1 The inflammatory process is

characterized by tissue infiltration of leukocytes in

response to chemoattractant signals. Leukocyte profile

can differ for various pathologies at different stages of

the disease, with differential consequences on disease

progression and outcome. In particular, the persistence

of a sustained inflammatory process or the resolution of

inflammation and return to tissue homeostasis are driven

by various cell types under differential stimuli and

involve complex interplay between innate and adaptive

immunity. Macrophages are believed to be of crucial

importance in this process, with the ability to acquire

distinct functional phenotypes: a pro-inflammatory M1

polarization and an alternative M2 polarization, medi-

ating the resolution of inflammation. While the

dichotomized view of macrophage polarization does not

accurately represent the full spectrum of polarization

observed in vivo,2 numerous studies relied on this sim-

plified view and the findings remains largely relevant.

For example, in atherosclerosis, the presence of M1

macrophages has been associated with symptomatic and

vulnerable plaques whereas M2 macrophages were

shown to be abundant in stable, asymptomatic lesions,3

while in post-myocardial infarction, the M1 macro-

phage-driven non-resolving inflammatory process is

associated with adverse tissue remodeling.4 Tissue

macrophages derive in part from circulating monocytes,

which represent a heterogenous population with pro- or

anti-inflammatory properties.5 The differentiation into

macrophages and polarization in the tissue are influ-

enced by the local environment, particularly the

cytokines profile associated with the specific T helper

cells subpopulation.2 While typically less abundant

compared to macrophages, helper T cells and regulatory

T cells are recognized for their functional role in various

chronic inflammatory diseases.6 In most cases, the

involvement of other cells from adaptive immunity and

its significance is less clear.1 Neutrophils, the most

abundant leukocyte subtype, are classically associated

with the initial phase of the inflammatory response 4 but

were shown to contribute to chronic inflammation as

well.7

The study by Borchert et al. in the present issue of

the Journal of Nuclear Cardiology8 systematically

evaluates the in vitro cellular uptake of six inflammation

imaging agents on four leukocyte subpopulations iso-

lated from whole human blood, differentially polarized

macrophages, and cardiac cells. The evaluated tracers

include 18F-Fluorodesoxyglucose (FDG), 11/14C-me-

thionine (MET), and 18F-fluorethyltyrosine (FET) as

tracers of glucose or amino acid metabolism, and 68Ga-

DOTATATE, 68Ga-pentixafor, and 18F-flutriciclamide

(GE180) as molecular imaging agents of inflammation

targeting respectively SSTR2, CXCR4, and TSPO. The
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motivation of the study was to better define the in vitro

cellular uptake profile of the tracers with the ultimate

perspective that such insights into their detailed behav-

ior might eventually provide the clinician with tools for

a more relevant use of tracers. The systematic method-

ology chosen by the authors provides an easy and

reproducible test allowing the reliable determination of

the leukocyte uptake pattern of tracers.

The results indicated that FDG, MET, and GE180

displayed higher uptake in pro-inflammatory M1 mac-

rophages whereas FET, DOTATATE, and pentixafor

displayed overall homogenous uptake in all cell types

with subtle yet statistically significant variations that are

discussed by the authors. The observation of enhanced

accumulation of FDG in M1 (or lipopolysaccharide)

polarized macrophages is qualitatively similar to previ-

ously reported results.9 The differential uptake with

unpolarized or alternatively polarized macrophages is

highly variable between studies, stressing the sensitivity

to experimental conditions. Additionally, several factors

affecting FDG uptake have been described, such as

hypoxia10 or the presence of modified low-density

lipoproteins.11 For those reasons, it seems unclear to

what degree these findings can be extrapolated to vari-

ous pathophysiological conditions. MET data nicely

recapitulate earlier findings, obtained in similar stud-

ies.12 In contrast to extensively studied FDG, little is

known about the determinants of MET uptake. As a

metabolic tracer, MET is potentially susceptible to

similar modulation as FDG. MET uptake in M1 mac-

rophages should be confirmed in a broader range of

conditions relevant to in vivo pathophysiological set-

tings, to enhance the confidence in the transitional value

of these findings. Reports on the level of TSPO

expression in relation to polarization profile has been

inconsistent.13 While the expression of TSPO was not

directly evaluated, the observation of higher uptake of

GE180 in M1 macrophage in this study is consistent

with the dominant view associating TSPO expression to

a pro-inflammatory state.13 More generally, the evalua-

tion of the expression level of SSTR2, CXCR4, and

TSPO in the different cell types and its correlation to the

uptake of the respective molecular imaging agent would

have been an informative step of internal validation. Of

note, FDG uptake in cardiomyocytes cultured in the

presence of glucose was comparable to the level of M1

polarized macrophages. FDG uptake in cardiac fibrob-

lasts was higher than any of the tested leucocyte

population except for M1 macrophages. This highlights

the known limitation of FDG for cardiac inflammation

imaging. Interestingly, GE180 also displayed high car-

diomyocyte uptake. As noted by the authors, the

elevated uptake of a TSPO targeted tracer is not sur-

prising considering the high content of mitochondria in

the cardiac muscle. This could however be a pitfall for

the imaging of inflammation using TSPO targeted trac-

ers in a context requiring low myocardial uptake.

An additional observation is that the overall abso-

lute cellular uptake of FDG and GE180 was 10 to 100-

fold higher than that observed for MET, FET, pentix-

afor, and DOTATATE. The cardiomyocytes and cardiac

fibroblasts uptake of both tracers was of the same order

of magnitude than that observed in blood-derived leu-

cocytes and macrophage cell lines. This assessment was

performed in standardized conditions; as a corollary,

those conditions were not optimized for the different

tracers and cell types. A comparable initial activity was

used for all tracers, corresponding approximatively to

the initial tracer concentration in blood, and the same

incubation time was used in all cases. Specific activity or

molar concentration was not detailed, but the amount of

tracer most likely exceeded the values expected in the

targeted tissues, especially compared to the late phase of

tracer distribution. Nevertheless, there are in vivo data

attesting of the translational value of those findings.

Indeed, the difference in FDG and pentixafor uptake is

concordant with the in vivo signal observed in a pre-

clinical study, which showed that the pentixafor signal

in infarcted myocardium was an order of magnitude

lower that non-suppressed FDG cardiac uptake for a

comparable injected dose.14 Radiotracers can present a

wide range of tissue uptake. The performance of an

imaging agent is mainly related to the signal-to-noise

ratio obtained in the targeted tissue, and not to the

absolute uptake level, providing that it substantially

exceeds the detection limit of the imaging system.

The routine clinical imaging of cardiac infiltrative

inflammatory diseases is mainly performed in the setting

of infective endocarditis, cardiac sarcoidosis, and large

vessel vasculitis and is limited to the use of autologous

radiolabeled leukocytes and FDG.15–17 FDG PET

imaging is widely used in clinical trials to evaluate tis-

sue inflammation in a broad range of pathological

conditions. As a non-metabolizable glucose analogue,

FDG accumulates in cells with high glycolytic activities,

including inflammatory cells.18 However, FDG presents

with elevated myocardial uptake which reliable sup-

pression is difficult to reach despite proper patient

preparation prior to imaging.19 This is a well-docu-

mented major limitation of FDG for the imaging of

cardiac or coronary inflammatory. In the recent years,

novel imaging agents targeting the inflammatory process

have been introduced, mostly in preclinical settings.20

While the cellular uptake mechanisms of those tracers

are well defined, comparative data on uptake in different

population of leucocytes and macrophage phenotype are

sparse despite being a likely essential parameter of tra-

cer development. In this regard, the study by Borchert
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et al. is an important step in the assessment of the

potential of existing or novel tracers. Indeed, tracer

pharmacokinetics directly determine tracer uptake at the

site of interest. In this regard, tracer distribution

including binding to blood cells and plasma proteins,

tracer extraction by tissues, and tracer excretion and

related blood clearance are all essential considerations.

All those elements can be assessed experimentally, with

compartmental modeling and kinetic analysis being

mostly useful. Ultimately, favorable pharmacokinetics

and desirable cell-specific uptake profile are required for

a successful imaging agent. The study by Borchert et al.
contributes to improve our understanding of the latter

component, paving the way to more refined procedures

to assess inflammation in vivo.
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