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1. Introduction

Macrophages and monocytes play a pivotal role in healing processes
of the myocardium [1]. After infarction, they are crucial effectors in
orchestration of the balance between inflammation and its resolution
[1-5]. Delayed healing has been reported for areas of microvascular ob-
struction due to impaired macrophage recruitment [ 1,5]. In myocarditis,
the macrophage-triggered immune response is mandatory to fight viral
or other agents [6]. Although endomyocardial biopsy remains the gold
standard for establishing the diagnosis of myocarditis, its sensitivity is
variable and might be as low as 10-35% [7,8].

* Corresponding author.
E-mail address: Lapa_C@ukw.de (C. Lapa).
1 Both authors contributed equally to the manuscript.

Magnetic resonance imaging (MRI) is the gold standard in cardio-
vascular imaging and plays an unequaled role in the non-invasive
diagnosis of myocardial inflammation and healing. Contrast-enhanced
T1- and T2-weighted sequences allow structural assessment. T2-
weighted sequences reveal intra-myocardial edema associated with
acute inflammation [9]. The differentiation between acute myocarditis
and (sub-)acute infarction is based on distinct features in T2-weighted
and contrast-enhanced images. Whereas inflammation can occur
throughout the heart and is usually limited to the epi- and myocardium,
ischemia also affects the (sub-)endocardium and is confined to the area
supplied by the culprit vessel. Microvascular obstruction, an indicator of
severe tissue damage, can be detected in re-perfused infarct areas as
signal void due to slow contrast penetration secondary to endothelial
swelling and embolization by cell debris [10].

Myocardial inflammation can also be visualized effectively using the
glucose analog '®F-fluorodeoxyglucose (*8F-FDG) in positron emission
tomography (PET) as glucose metabolism is activated by enhanced
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expression of glucose transporters and production of glycolytic
enzymes in inflammatory cells [11]. Its use in endocarditis as well as
in myocarditis has been reported [12-14]. However, specificity of PET
with '8F-FDG is hampered by physiologic '®F-FDG accumulation in
healthy myocardium [15]. Activated macrophages have been described
to overexpress somatostatin receptor subtypes 1 and 2 (SSTR) on their
cell surface during differentiation of monocytes [16,17]. Since these re-
ceptors display active binding sites, specific SSTR-targeted radiotracers
such as ®®Ga-DOTA-TATE or -TOC may be used to directly identify
activated macrophages. Recently, inflammation of large arteries has
been detected by PET imaging of the somatostatin receptor (SSTR)
subtype 2 by demonstrating increased tracer uptake in large vessel
artherosclerotic plaques [18,19]. Detection of myocardial inflammatory
activity would facilitate making the diagnosis of acute myocarditis
in patients in whom conventional imaging is inconclusive and/or
endomyocardial biopsies unyielding or not achievable. Furthermore,
assessment of macrophage kinetics after ischemic damage as well as
spatiotemporal monitoring of inflammatory activity might gain new
insights into the pathophysiology of inflammation and offer a new
promising target for both patient monitoring and therapy assessment.

As SSTR-targeted radiotracers for PET/CT imaging are more specific
for inflammation and lack physiologic myocardial uptake, they might
prove well-suited for specifically visualizing myocardial inflammation.
Therefore, we investigated the concept of macrophage detection with
SSTR-PET/CT in comparison to cardiac MRI in patients with sub-acute
myocardial infarction and acute peri-/myocarditis, respectively. Our
hypothesis was that SSTR-PET/CT provides complementary information
to MRI for imaging myocardial inflammation.

2. Materials and methods
2.1. Subjects and study design

From December 2013 to June 2014, a total of 12 patients (7 males
and 5 females, mean age, 52 + 10 years: range, 33-70 years) with the
suspicion of inflammatory heart disease underwent both SSTR-PET/CT
as well as cardiac MRI on a compassionate use base. Six patients
(all male) presented after myocardial infarction diagnosed according
to current national and international guidelines [20]. The remaining 6
patients (5 female, 1 male) suffered from acute pericardial or myocardi-
al inflammation as defined by Lake Louise criteria [9]. Imaging was
performed within 3-10 days after the onset of symptoms (mean, 7 +
3 days; delay between PET and MRI, 3 + 3 days).

German federal laws accept the use of the radiotracer 8Ga-DOTA-
TOC under conditions of the pharmaceutical law. The local ethics com-
mittee granted compassionate use of ®*Ga-DOTA-TOC-PET/CT in a limit-
ed number of pilot patients. Written informed consent was obtained
prior to imaging from all patients.

2.2. Preparation of %¥Ga-DOTA-TOC

68Ga-DOTA-TOC was prepared using a modification of the method
described previously by Breeman et al. [21] using a SCINTOMICS module
(Scintomics, Fiirstenfeldbruck, Germany). The synthesis was carried out
on a computer-assisted synthesis module (Scintomics, Fiirstenfeldbruck,
Germany). The labeling procedure was optimized concerning amount of
peptide, reaction time and reaction temperature. Radiochemical purity
was determined by gradient HPLC (Scintomics, Fiirstenfeldbruck,
Germany).

2.3. PET imaging

PET scans were acquired using an integrated PET/CT scanner
(Siemens Biograph mCT 64, Siemens, Knoxville, USA) consisting of a
LSO full-ring PET and a 64-slice spiral CT. 104 + 30 MBq of %8Ga-
DOTA-TOC was injected. After a period of 60 min, transmission data
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were acquired using low-dose CT of the thorax (80 mAs, 120 kV,
512 x 512 matrix, 5 mm slice thickness, increment of 30 mmy/s, rotation
time of 0.5 s, and pitch index of 0.8). Consecutively, PET emission data
were acquired in three-dimensional mode with a 200 x 200 matrix
with 10 min emission time. After decay and scatter correction, PET
data were reconstructed iteratively with attenuation correction using
a dedicated software (HD PET, Siemens Esoft).

Images were first inspected visually by two experienced nuclear
medicine physicians (CL and AKB). For quantification of increased tracer
uptake, a visual score using the terms “mild”, “moderate” and “intense”
was used. Areas of increased ®8Ga-DOTA-TOC accumulation were docu-
mented using the 17-segment AHA heart model [22].

For semi-quantitative analysis, the axial PET image slice with maxi-
mum cardiac uptake was selected. A standardized 15 mm circular re-
gion was placed over the area with the peak activity. This first ROI was
used to derive maximum (SUV,,.x) and mean standardized uptake
values (SUV nean). SUVinax and SUV e, Were also derived in normal
reference regions defined by two distinct methods: (1) a second ROI
(diameter of 15 mm) in a remote region of the left ventricular wall with-
out late-gadolinium-enhancement (LGE) in the corresponding MRI data
(if applicable) and (2) another ROI with a diameter of 25 mm in the left
ventricular cavity. Signal-to-background ratios were calculated for each
method.

For inter-individual comparison, 20 consecutive oncologic patients
(12 males; 8 females; mean age, 53 + 13 years) with no history of
coronary artery disease or other known cardiac disease undergoing
SSTR-PET/CT (120 + 27 MBq ®3Ga-DOTA-TOC) for staging purposes
were enrolled. In this patient cohort, imaging started 45-60 min after
tracer injection with 2 min emission time per bed position. As for the
infarction/myocarditis cohort, cardiac uptake was defined by placing a
ROI with a diameter of 15 mm in the left lateral ventricular wall.

24. MRI imaging

MRI was performed on a 1.5 T scanner (Achieva 1.5 T, Philips
Healthcare, Best, The Netherlands), using a 32 element phased array
coil for radiofrequency reception. Sequences were gated to the heart
cycle via a four lead vector cardiogram. The protocol included a mor-
phologic study based on balanced turbo field echo sequences for docu-
mentation of standard cine long and short axis views (FOV 380 mm, flip
angle 60°, TE 2.6-3.0 ms, TR 130-158 ms). A T2-weighted multi-echo
gradient echo sequence was used for imaging myocardial edema in
both long and short axes (FOV 370 ms, NSA 2, TE 90 ms, TR
2000-3600 ms, TR (beats) 3). Late enhancement imaging was per-
formed 9 to 12 min after antecubital intravenous administration of
0.15 mmol/kg of a gadolinium based contrast agent (Gadobutrol,
Bayer HealthCare, Leverkusen, Germany). An inversion recovery T1
turbo field echo sequence was used, and the inversion time was adjust-
ed to completely null the myocardial signal.

Image analysis was performed using the Extended Workspace soft-
ware (EWS, Philips Healthcare, Best, The Netherlands) and followed
European standards [23]. In analogy to PET, all LGE scans were segmen-
tally analyzed with regard to scar distribution within the myocardium
according to the 17-segment model.

2.5. Statistical analysis

Quantitative data are presented as median, range, and mean + SD.
The Wilcoxon signed rank test and the Mann-Whitney test were used
for paired and unpaired comparisons of quantitative parameters. Statis-
tical analyses were performed using SPSS Statistics software for Win-
dows (version 22.0, SPSS Inc., Chicago, USA). All statistical tests were
performed two-sided and a p-value < 0.05 was considered statistically
significant.
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Table 1
Clinical and laboratory features obtained at admission (7 + 3 days prior to imaging).

No. Sex  Age Clinical diagnosis

(occluded vessel)

Troponin CK/CK-MB LDH
[pg/mi] [un] [u/]

1 F 50 Myocarditis 972 783/105 391
2 F 45 Pericarditis N/A 21 344
3 F 33 Myocarditis N/A 728/70 277
4 F 54 Sarcoidosis 38.5 65 189
5 M 52 Sarcoidosis 506 281/36 445
6 F 70 Myocarditis 136 44 209
7 M 52 Infarction (LAD, LCX) 317 512/69 194
8 M 56 Infarction (LCX) N/A 303 695
9 M 65 Infarction (LAD, LCX) 535 680/53 695
10 M 44 Infarction (LAD, LCX) N/A 293/n.n 683
11 M 48 Infarction (RCA) 2745 952/153 282
12 M 58 Infarction (LAD) 7800 2365/471 966

LAD: left anterior descending artery; LCX: left circumflex coronary artery; N/A: not avail-
able; RCA: right coronary artery.

3. Results
3.1. Clinical findings

Basic clinical and laboratory findings of the cohort are summarized
inTable 1. All patients presented with acute chest pain and elevated car-
diac enzymes (troponin T, creatinine kinase). In 7 patients, electrocar-
diograms (ECG) demonstrated ST segment elevations suspicious for
acute myocardial infarction. Left bundle branch block was detected in
one subject. The remaining 4 patients had non-specific ECG alterations.
Subsequently, in all patients, interventional coronary angiography was
performed and revealed coronary vessel occlusion in 6 patients. Two pa-
tients had involvement of 2 vessels, and the remainder suffered from
occlusion of a single coronary artery. The left anterior descendant artery
(LAD) was affected in 3 cases, the left coronary circumflex (LCX) in 2
and the right coronary artery (RCA) in 3 subjects, respectively. In the re-
maining 6 patients, coronary heart disease was excluded by coronary
angiography. Next, cardiac MRI was performed and suggested acute
myocardial inflammation. Global systolic LV function was normal in all
but one patient; regional wall motion abnormalities were associated
with the distribution pattern of scarring. In 2 patients (1 male,
52 years; 1 female, 54 years), bronchial lavage and biopsy furnished ev-
idence of acute sarcoidosis.

Twenty patients who underwent SSTR-PET/CT for staging of neuroen-
docrine cancer served as reference. In all of these patients, no clinical signs
of cardiac disease and no history of cardiac events were recorded. SSTR-

PET/CT displayed no areas of focal or diffuse cardiac tracer uptake (Fig. 1).

3.2. Imaging results

Both SSTR-PET/CT and MRI returned positive findings in all patients
(sensitivity for both modalities, 100%; see Table 2). In a total of 204 seg-
ments analyzed, there were 55 segments positive in ®¥Ga-DOTA-TOC-
PET/CT and 44 segments positive in MR, respectively. In patients with
clinical evidence of myocarditis, PET/CT returned 26 positive segments
and MRI 13 segments, respectively. In patients with myocardial infarc-
tion, there were 29 %8Ga-DOTA-TOC positive segments and 31 abnormal
segments in MRI. In a single patient with pericarditis, circular tracer re-
tention was obvious at ®3Ga-DOTA-TOC-PET/CT, sparing the myocardi-
um. Correspondingly, prominent pericardial enhancement was
described at MRI. Overall, retention of the radiotracer ®®Ga-DOTA-TOC
was rated mild or moderate and no segment was rated intense (mild
retention in 21/55 (38%) segments; moderate retention, 32/55; 62%).
Typical PET-findings illustrating enhanced tracer uptake in both
myocarditis/sarcoidosis as well as in acute myocardial infarction are
given in Figs. 2 and 3, respectively.

On a head-to-head comparison, SSTR-PET and MRI were concor-
dantly positive in 36 segments (36/47 segments positive at MRI;
76.6%). 19 segments were SSTR-PET positive and MRI-negative (9.3%;
19/204), and 11 SSTR-PET negative and MRI-positive (5.4%; 11/204).
Both modalities returned negative results in 138 segments, thus leading
to an overall concordance of 85.3%. Agreement of the modalities was
higher in patients with myocardial infarctions (see Table 3). The
individual results of the 17-segment analysis for both sub-groups can
be inferred from Supplementary Figs. 1 and 2.

3.3. Semi-quantitative analysis

SUVnean and SUVyhax Were significantly higher in the infarcted/
inflamed myocardium as compared to remote myocardium or the left
ventricular (LV) cavity. SUVean in infarcted/inflamed areas ranged
from 2.2 to 5.2 (mean, 3.5 + 0.9) and SUV,,, from 2.4 to 6.1 (mean,
4.0 + 1.1), respectively. The SUV yean ratios of lesion-to-remote myocar-
dium were 1.9 + 0.4 and for lesion-to-LV cavity 1.9 4 0.3. The corre-
sponding SUV .« ratios were 1.8 £ 0.3 and 1.7 & 0.3, respectively.
Patients with cardiac disease showed almost doubled tracer uptake
even in remote myocardial areas as compared to oncology patients
undergoing SSTR-PET for staging purposes (SUVean, 1.8 £ 0.4 vs.
0.9 4+ 0.2; SUVax, 2.2 £ 04 vs. 1.4 4 04, p < 0.01, respectively).

4. Discussion
Our results further support the concept of somatostatin receptor

directed PET imaging as a readout of macrophage infiltration within
areas of inflamed and/or damaged myocardium. Patients with active

Fig. 1. Increased retention of °*Ga-DOTA-TOC as compared to normal myocardium. The figure shows an example of an 50-year-old patient with a history of pleura carcinosis due to atypical
carcinoid of the lung (left) in comparison to an 45 year-old female with the diagnosis of acute pericarditis and circular tracer retention (right). Moderately intense tracer retention can be
seen in the pericardium (right) as compared to the cavity of the left ventricle. In the control scan (left), no tracer retention in the peri-/ myocardium can be detected.
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Table 2
MRI and visual PET findings in myocarditis and myocardial infarction.
No Ejection fraction Wall motion abnormalities T2-weighted images Late enhancement SSTR-PET
Myocarditis
1 69% None Lat and AL apical, Lat, AL/PL apical, subepicardial, Lat and AL apical
subepicardial intramural
2 55% None Pericardial Pericardial, Lat, Inf Pericardial diffuse
3 64% Inf midbasal, Lat apical-midbasal Inf midbasal, Lat Inf midbasal, Lat inhomogenous Myocardial diffuse
4 39% Sep, Ant basal-midbasal Sep, Ant basal-midbasal Sep, Ant basal-midbasal, Sep, Ant, AS
inhomogenous
5 67% None Lat midbasal-apical, Lat midbasal, apical Lat midbasal
epicardial
6 66% Inf midbasal Lat midbasal to apical Lat midbasal Lat midbasal
Myocardial infarction
1 52% Inf basal Inf basal-midbasal Inf basal-midbasal, transmural Inf basal
2 55% Inf, PL midbasal Not acquired Inf apical-basal, transmural MVO Inf, IL
3 42% Inf, IL Inf, IS, IL Inf, IS, IL, transmural, MVO Inf, IL
4 31% Ant apical-midbasal, Ant, Sep, Inf and Ant, Sep, Inf and Lat apical-midbasal/basal, Ant and Lat apical-midbasal,
Inf and Lat apical Lat apical-midbasal transmural, MVO Inf apical
5 58% Inf apical Inf apical Inf apical-basal, transmural Inf midbasal-basal
6 56% Ant and Sep Ant Ant and AS with MVO, transmural Ant and AS apical-midbasal

AL, anterolateral; Ant, anterior; AS, anteroseptal; Inf, inferior; IS, inferoseptal; Lat, lateral; MVO, microvascular obstruction; PL, posterolateral; Sep, septal.

myocarditis or sub-acute myocardial infarction invariably showed
cardiac accumulation of the radiotracer °8Ga-DOTA-TOC. In contrast, pa-
tients undergoing SSTR-PET/CT for cancer imaging - serving as control -
revealed no significant cardiac tracer uptake, indicating specificity of
tracer retention in inflammatory lesions of the heart. Distribution of
the radiotracer matched with MRI late-gadolinium-enhancement and
T2-weighted edema, demonstrating focal accumulation within areas
of acute myocardial damage in 36 of 47 involved segments (76.6%).
Tracer uptake in damaged myocardium was twice as high as compared
to the background of left the ventricular cavity or remote unaffected

myocardium. Interestingly, tracer uptake in remote, non-ischemic myo-
cardial areas was higher in myocardial infarction patients than in the
control group. This finding supports the hypothesis of general inflam-
mation of the left ventricular myocardium following acute ischemic
damage.

Abundant extravascular macrophages have been revealed in the
healthy heart [24]. Under steady state conditions, they are not particu-
larly “inflammatory”, however, upon inflammatory stimuli, capillaries
in the remote zone increase chemokine expression and recruit
monocytes [25,26]. Compared with ischemic myocardium, remote

Fig. 2. Increased 5Ga-DOTA-TOC uptake in acute myocarditis/cardiac sarcoidosis (54 year-old female with biopsy-confirmed sarcoidosis; patient #4). (A) Axial slices of both contrast-
enhanced T2-weighted MRI, SSTR-PET as well as fused PET/CT and (B) corresponding analysis using a 17-segment heart model. Images reveal increased 58Ga-DOTA-TOC uptake in the
septum that consistently matches areas of septal myocardial damage in MRI (arrows). There is remarkable overlap in the affected segments (B).
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Fig. 3. Increased 68Ga-DOTA-TOC uptake after acute myocardial infarction (58 year-old male patient with acute infarction of the left anterior descendant coronary artery; patient #12).
(A) Long-axis slice of the contrast-enhanced T1-weighted MRI scan, coronal slices of both SSTR-PET and fused PET/CT and (B) corresponding analysis using a 17-segment heart model.
Images demonstrate increased 68Ga-DOTA-TOC uptake in the apex and septal/anterior wall that consistently matches MRI (arrows and B); green segments signify 1-25% infarction
thickness (MRI) and weak tracer accumulation (PET), respectively; yellow segments denote moderate tracer accumulation (SSTR-PET), red segments illustrate 75-100% infarction

thickness (MRI).

myocardium accumulates monocytes and macrophages more slowly.
Remote zone macrophage numbers peak only around day 10 after is-
chemic damage [25]. In our cohort, the interval between the ischemic
event and PET averaged 7 4 3 days. Therefore, the higher tracer uptake
in remote myocardium might reflect an increased number of activated
macrophages also infiltrating these non-damaged areas [25].
However, as the oncologic imaging protocol differed from the
dedicated cardiac protocol in terms of delay after tracer injection and
time per bed position during the scan, at least parts of the observed

Table 3

Concordance of cardiac MRI and somatostatin-receptor- (SSTR-) based PET/CT for
involved myocardial segments in the overall cohort as well as for the myocarditis and
infarction sub-groups as derived from the 17-segment model of the heart. Inter-modality
agreement reaches 85.3% (174/204 segments) for the overall collective, 81.4% (83/102) for
myocarditis, and 89.2% (91/102) for myocardial infarction.

Cardiac MRI >
Positive Negative
Myocarditis (n = 6)
SSTR-PET Positive 10 16 26
Negative 3 73 76
> 13 89 102
Myocardial infarction (n = 6)
SSTR-PET Positive 26 3 29
Negative 8 65 73
> 34 68 102
Total collective (n = 12)
SSTR-PET Positive 36 19 55
Negative 11 138 149
2 47 157 204

differences might be artificial. Further analysis is warranted in future
studies.

Up to now, only few studies have addressed the value of SSTR-PET/
CT for the imaging of cardiovascular inflammation. Most reports have
focused on the detection of atherosclerotic plaques within the vessel
walls and demonstrated the feasibility of SSTR-PET/CT for characteriz-
ing biological activity of atherosclerotic plaque via SSTR-2 expression
and hinted at SSTR-directed therapies in high-risk atherosclerosis [18,
19,27].

In its translation to the setting of myocardial inflammation, this
approach might allow for direct assessment of the spatiotemporal dis-
tribution of macrophages in the course of cardiac inflammatory process-
es which is not achieved by any other imaging technique so far. While
the current gold standard MRI depicts structural changes like cardiac
damage and scarring with the highest spatial resolution, °®Ga-DOTA-
TOC uptake may reflect the directly underlying immunological cell ac-
tivity. In future, given the complementary nature of PET and MRI signals,
the combination of the two may be the optimal diagnostic approach,
preferably by integrated MRI/PET.

Our work has several limitations. Most importantly, histopathologic
proof of macrophage infiltration and SSTR expression as adequate refer-
ence test was not available in the entire study population. Study num-
bers of this pilot study are rather small and the etiology of cardiac
inflammation varies as patients with viral myocarditis and cardiac sar-
coidosis were enrolled. Furthermore, macrophage kinetics was not di-
rectly followed. However, previous studies have demonstrated that
macrophages infiltrate the ischemic myocardium within the first two
weeks after infarction [25]. Next, due to the high physiologic %8Ga-
DOTA-TOC uptake of normal liver parenchyma, delineation of inferior
wall abnormalities is rather challenging. New tracers with less non-
specific liver uptake would be clearly beneficial.
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Data on short-term reproducibility of our findings are missing and
should be the subject of subsequent work. Finally, the PET imaging pro-
tocols for the oncologic control group and the cardiac inflammation
group slightly differed in the timing of scanning after tracer injection
and might limit direct comparability with the myocarditis/infarction
group. Nevertheless, more targeted imaging of monocyte/macrophage
activity within sub-acutely infarcted or inflamed myocardium might
be feasible by using SSTR-analogs and should be further assessed in
larger clinical studies. In the future, potential further scenarios for in-
flammation imaging with SSTR-directed radiocompounds can be specu-
lated on. For example, SSTR-based imaging might help in the detection
of endocarditis (though small lesions sizes and motion artifacts might
limit its utility). Another possible application might include the visuali-
zation of pathophysiology of toxic cardiomyopathies including acute al-
cohol exposure or acute adverse responses to chemotherapy.

5. Conclusion

SSTR-targeted imaging using PET/CT may have a complementary
role to cardiac MRI for imaging myocardial inflammation in the course
of acute myocarditis and/or sub-acute infarction. Our pilot data warrant
further analysis in a larger prospective series.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.ijcard.2015.05.073.
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