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Abstract

Background—The immune system orchestrates the repair of infarcted myocardium. Imaging of
the cellular inflammatory response by 18F-FDG PET/MRI in the heart has been demonstrated in
preclinical and clinical studies. However, the clinical relevance of post-MI 18F-FDG uptake in the
heart has not been elucidated. The objective of this study was to explore the value of 18F-FDG-
PET/MRI in patients after AMI as a biosignal for left ventricular functional outcome.

Methods and Results—We prospectively enrolled 49 patients with STEMI and performed 18F-
FDG-PET/MRI 5 days after PCI and follow-up cardiac MRI after 6-9 months. In a subset of
patients, M Tc-sestamibi-SPECT was performed with tracer injection prior to revascularization.
Cellular innate immune response was analyzed at multiple time points. Segmental comparison

of 18F-FDG-uptake and LGE showed substantial overlap (x=0.66), while quantitative analysis
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demonstrated that 18F-FDG extent exceeded LGE extent (33.2+16.2 %LV vs. 20.4+10.6 %LV,
p<0.0001) and corresponded to the area-at-risk (r=0.87, p<0.0001). The peripheral blood count of
CD14Ngh/CD16* monocytes correlated with the infarction size and 18F-FDG signal extent
(r=0.53, p<0.002 and r=0.42, p<0.02, respectively). 18F-FDG uptake in the infarcted myocardium
was highest in areas with transmural scar and the SUV nean Was associated with left ventricular
functional outcome independent of infarct size (AEF: p<0.04, AEDV: p<0.02, AESV: p<0.005).

Conclusions—In the current study, the intensity of 18F-FDG uptake in the myocardium after
AMI correlated inversely with functional outcome at 6 months. Thus, 18F-FDG uptake in infarcted
myocardium may represent a novel biosignal of myocardial injury.

Keywords
myocardial infarction; inflammation; PET/MRI; 18F-FDG; outcome; monocytes

Coronary artery disease and myocardial infarction claim more lives worldwide than any
other disease. Advances in clinical cardiology have improved survival after AMI.1 Despite
optimal therapy, heart failure is a persisting problem developing soon after myocardial
infarction in almost 25% of patients, with numbers increasing over time.1: 2

While the role of the immune system in the pathogenesis of myocardial disease has been
established for pathogen-driven diseases such as viral myocarditis, research more recently
has focused on the cardiac inflammatory response after AMI as a risk factor for adverse
remodeling. Peripheral blood monocyte counts have been linked to the development of heart
failure in patients after AMI3, making the immune response after myocardial infarction a
potential therapeutic target. High levels of presumably pro-inflammatory monocytes have
been related to impaired infarct healing.*-%

The underlying biological processes have mostly been studied in rodent models.”- 8
Myocardial infarction triggers cellular and molecular changes which attract neutrophils and
inflammatory monocytes expressing high levels of the CC chemokine receptor 2 (CCR2) to
the site of injury. After a few days, the injured heart switches to CX3CL1-mediated
recruitment of non-inflammatory monocytes.® The early monocyte subset expresses
proinflammatory mediators and proteases for wound debridement, while the late subset and
M2 macrophages support neoangiogenesis and extracellular matrix synthesis.1% The
emerging picture of inflammation biology positions leukocytes as both protective and
harmful post AMI. An optimal repair after AMI requires a balance between coordinated cell
recruitment that removes dead cell debris and strengthens the wound so that the heart
performs its vital function.11

18F_FDG PET has been used to image inflammation in multiple clinical and research
settings as activated inflammatory cells show increased expression of glucose transporters
and thus increased 18F-FDG uptake.12 For instance, imaging of macrophages using 18F-FDG
PET has been successfully performed in atherosclerotic plagues.13 A recent preclinical study
in mice presented evidence that, under certain conditions, post-M1 18F-FDG uptake reflects
the monocytic inflammatory response in the myocardium.14 Transient suppression of the
physiologic 18F-FDG uptake into cardiomyocytes is required to image monocytes or
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macrophages, which has previously been achieved in humans by low-glucose diet, fasting,
and administration of heparin prior to PET imaging.1® 16

Initial experience with myocardial fasting 18F-FDG PET in patients after AMI has been
presented by us and other groups!4 17:18 put the clinical relevance of this novel imaging
approach has not yet been tested.

Therefore, the aim of the present study was to characterize post-ischemic myocardium in
patients with a first AMI by fasting 18F-FDG PET/MRI in relation to the cellular immune
response and the functional outcome after 6 months.

Please see Supplemental Method Section for additional information.

Patient sample

Eligible patients admitted to the hospital with a first AMI between May 2013 and October
2014 were prospectively enrolled in the study after PCI and giving written informed consent.
The study was approved by the local ethics committee and was performed in agreement with
the Declaration of Helsinki.

PET/MR imaging

Patients were imaged 5.0+1.3 days after PCI by simultaneous PET/MRI using a hybrid
system (Biograph mMR, Siemens Healthcare GmbH, Erlangen, Germany), which allows
PET imaging in combination with a detailed characterization of the infarcted heart including
scar size, scar transmurality and LV function in one examination.’

To suppress physiological myocardial 18F-FDG uptake, patients received a low-carbohydrate
diet the day prior to imaging followed by a 12-hour fasting period. Unfractionated heparin
(50 1.U./kg body weight IV) was administered 30 minutes before 18F-FDG injection.

Follow-up imaging by MRI only was performed on the identical system 252+68 days after
PCI.

Regional analysis—The AHA-17-segment model® was applied to LGE and 18F-FDG
images aligned by the MunichHeart/m3p software.20: 21 _GE transmurality?2 and 18F-FDG
uptake were visually scored for each segment with scores ranging from 0 to 4 (see Suppl.
Figure 1B). Results were additionally analyzed for mere absence or presence of LGE or 18F-
FDG signals. Analysis was performed blinded to the respective other modality. Furthermore,
the degree of wall motion abnormality in each segment was evaluated using a 5-point scale
as previously described?2: normal wall motion=0, mild to moderate hypokinesia=1, severe
hypokinesia=2, akinesia=3, and dyskinesia=4. A functional improvement of wall motion
was defined as a decrease of the wall motion score of at least 1 point score. Two experienced
observers performed all analyses.
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Quantitative analysis—In order to determine the 18F-FDG extent, a region grow
algorithm with a threshold of 50% of the maximal uptake was performed (Syngo MMWP
[workstation], Syngo TrueD [software]; Siemens Healthcare). Within this volume of interest
(\VVOI), the average tracer uptake was derived and normalized to the lean body mass and
injected tracer dose yielding SUVmean-22 The volume with tracer uptake above the
mentioned threshold was finally expressed as %LV (LV myocardial volume derived from
MRI) and defined as 18F-FDG extent (i.e. the volume of the significant 18F-FDG signal
normalized to the total myocardial volume of the LV). SUV yean in remote myocardium was
determined in manually drawn regions in the myocardial wall opposing the infarct on 3
consecutive slices.

The LGE extent of the LV myocardium was determined by manual delineation on short axis
images using the MunichHeart/MR software and expressed as percentage of the left
ventricle.

SPECT imaging

A subgroup of patients (n=23) underwent 99MTc-sestamibi SPECT with tracer injection prior
to PCI and image acquisition after PCI for assessment of the area at risk.

99mT¢_sestamibi SPECT images were analyzed using MunichHeart/NM.24 25 The method
for assessment of the area at risk (as percentage of the left ventricle) has been described
previously.26

Blood analysis

Statistics

Blood was drawn daily for up to 6 days after admission for differential blood count, creatine
kinase (and MB fraction) and Troponin T. For analyses of monocyte subpopulations, blood
was drawn at least once early (day 0-3) and late (day 4-6) during hospitalization. If more
than one sample was available for one time point, average values were used. Furthermore, a
differential blood count and the different monocyte subpopulations were determined at the
follow-up scan.

Flow cytometry analysis was performed on a Cytomics FC 500 flow cytometer (Beckman
Coulter, CA, USA). Data were analyzed with Kaluza 1.2 Analysis Software (Beckman
Coulter, CA, USA). Red blood cells were lysed, leukocytes stained with anti-human
monoclonal fluorochrome-conjugated antibodies, and immediately analyzed by flow-
cytometry. After gating for CD45 and forward/side scatter, gating was performed similar to
previously described strategies. Inflammatory, intermediate, and non-inflammatory
monocyte subsets were defined by the expression of CD14, CD16 and/or CCR2 (see Suppl.
Fig. 2A).4-6. 27

Results are shown as mean + standard deviation. P-values smaller than 0.05 were considered
significant. For comparison of unmatched, continuous variables the 2-tailed unpaired
Student t-test was used and the x2 test or the Fisher’s exact test (in case of small numbers) to
compare nominal variables. To compare matched continuous variables the 2-tailed paired
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Student t-test was applied. The association between continuous variables was investigated
using the Pearson correlation coefficient. A stepwise multivariable regression analysis was
performed to correct for the influence by different covariates, i.e. in a first step a unadjusted
analysis was performed to detect associated variables (p<0.10), which then entered a
subsequent multivariable analysis. In order to detect any outliers regarding functional
outcome measures (AEF, AEDV and AESV), a Grubbs double-sided test was performed to
check the most extreme value at either side. Categorical intermethod agreement

between 18F-FDG uptake in PET and LGE in MRI was assessed by the Cohen « (k<0, no
agreement; k¥=0-0.20, poor agreement; k=0.20-0.40, slight agreement; x=0.40-0.60,
moderate agreement; k=0.60-0.80, substantial agreement; k=0.80-1.00, very good
agreement). To compare categorical measures or binary parameters under the consideration
of within-patient correlations the generalized estimating equation (GEE) method with
exchangeable correlation matrix was used. For statistical analyses, MedCalc (version 15.8;
MedCalc Software) for Windows (Microsoft) and SPSS Statistics for Windows (Version
22.0 IBM Corp. Released 2013. Armonk, NY: IBM Corp.) were used.

Patient characteristics

A study flow chart is depicted in Figure 1. In total, 49 patients were initially enrolled in the
study and imaged by 18F-FDG PET/MRI. Ten subjects were excluded from the initial
analysis. Follow-up imaging was obtained in 29 patients. For this follow-up group

initial 18F-FDG PET and MRI data, follow-up MRI data, leukocyte and monocyte counts
were all available. All patients were treated with statins, betablockers and ACE-inhibitors or
ARBs before 18F-FDG PET/MR imaging. The characteristics of the initial imaging sample
and the different investigated subgroups are described in Table 1.

18F_FDG uptake and localization in relation to LGE

LGE and 18F-FDG uptake was observed within the infarcted myocardial region. Two
different patient examples are shown in Figure 2. In all patients, both the LGE signal
intensity and the 18F-FDG uptake intensity were at least 5 standard deviations higher in the
ischemically compromised myocardium compared to remote myocardium (SUV ean infarct
vs. remote: 2.2+0.4 vs. 0.7£0.2, p<0.0001; Suppl. Fig. 1A). There was no correlation
between the 18F-FDG uptake in the post-ischemic myocardium and remote myocardium
(r=0.25, p=0.13). The post-ischemic 18F-FDG uptake in the infarct area did not correlate
with pain-to-balloon (r=0.02, p=0.89), pain-to-scan (r=0.10, p=0.56) or balloon-to-scan time
(r=0.01, p=0.93).

In 15 (38%) patients microvascular obstruction (MVO) was observed. There was a trend
towards a higher FDG uptake in patients with MVO, which did not reach statistic
significance (2.4+0.4 vs. 2.1+0.4, p=0.09).

A regional analysis showed substantial agreement for the presence or absence of LGE
and 18F-FDG uptake (x=0.66). A detailed analysis of LGE transmurality and 18F-FDG
uptake intensity (score 0 — 4) still showed substantial agreement between both modalities
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(x=0.63; Suppl. Figure 1 B) and a strong correlation between the summed 18F-FDG and
LGE score was found (r=0.82, p<0.0001; Suppl. Figure 1C). High 18F-FDG scores were
significantly more often present in segments with transmural infarction as compared to
segments with non-transmural infarction (GEE: p<0.001; Suppl. Figure 1D). Consequently,
the strongest 18F-FDG uptake was observed in areas with most transmural LGE extent.

Quantification of 18F-FDG extent, LGE extent, and area at risk

In the regional analysis, 28F-FDG uptake was present in more segments than LGE (372/663
segments, 56.1% vs. 292/663 segments, 44.0%, GEE: p<0.001). Quantitative comparison of
cardiac 18F-FDG and LGE extent confirmed this finding. While both modalities showed
close correlation (r=0.78, p<0.0001; Figure 3A, left and middle panel), the 18F-FDG extent
(i.e. the volume of the 18F-FDG signal expressed as %LV) significantly exceeded the LGE
extent (33.2£16.2 %LV vs. 20.4+10.6 %LV, p<0.0001; Figure 3A, right panel).

In the patient subset with 9°MTc-sestamibi SPECT imaging (sample in Figure 3B), 18F-FDG
uptake similarly exceeded the LGE extent (35.4+18.1 %LV vs. 21.8+14.5 %LV, p<0.0001,
Figure 3C, right panel) and showed a high correlation with the area at risk (r=0.87,
p<0.0001, Figure 3C, left panel). Accordingly, the area at risk was larger than the LGE
extent (31.3£21.6 %LV vs. 21.8+14.5 %LV, p<0.004), but did not differ significantly from
the 18F-FDG extent (31.3221.6 %LV vs. 35.4+18.1 %LV, p=0.08) (Figure 3C, right panel).

Comparison of PET/MRI with circulating leukocytes and monocytes

Both the LGE and the 18F-FDG extent correlated with peak counts of leukocytes from
peripheral blood (r=0.38, p<0.02 and r=0.47, p<0.003, Figure 4A, left and middle panel).
Also, the 18F-FDG and the LGE extent correlated with CCR2+ monocytes (LGE: r=0.41,
p<0.02, FDG: r=0.40, p<0.02, Figure 4A, right panel) and with CD14"9"/CD16* (also
referred to as /ntermediate) monocytes (LGE: r=0.53, p<0.002, 18F-FDG: r=0.42, p<0.02,
Figure 4B, middle column) released early (during the first 3 days) after infarction, indicating
that leukocyte and monocyte release and migration to the heart may be dependent on the
infarct size. The CD14M9CD16~ (inflammatory) and CD14'V/CD16™* (non-inflammatory
or reparative) monocytes released early after infarction were not significantly related to the
LGE extent or the 18F-FDG extent in our patient sample (Figure 4B, left and right column).

Interestingly, there was no correlation between the SUV yean (i.€. the mean intensity of
the 18F-FDG signal) in the postischemic myocardium and the LGE extent, initial ejection
fraction (EF), peak counts of leukocytes, or monocyte subpopulations released early after
infarction (Suppl. Figure 2B and 2C).

18F_FDG uptake in bone marrow and aorta after myocardial infarction

A significant correlation between the 18F-FDG uptake intensity in the infarct and the 18F-
FDG uptake in the aorta (r=0.38, p<0.02) was found, indicating a connection between the
inflammatory processes in the heart and vessels after infarction. There was no relationship,
however, between the 18F-FDG uptake in the infarct area and the bone marrow (r=0.09,
p=0.61) or between the bone marrow and the aorta (r=0.20, p=0.21).
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To further elucidate this point, correlations of the 18F-FDG signals in the aorta and the bone
marrow with peak counts of leukocytes/monocytes and with counts of monocyte subsets
were investigated. The 18F-FDG signal of the bone marrow and the aortic wall did not
correlate with peak leukocyte counts or peak monocyte counts. While counts of CD14high/
CD16"~ (inflammatory) and CD14M9VCD16* (intermediate) monocyte subsets did not
correlate with the 18F-FDG uptake in the bone marrow or the aortic wall, CD14'°V/CD16*
(non-inflammatory or reparative) showed an inverse correlation with the 18F-FDG uptake in
the aortic wall (r=-0.46, p<0.008).

Follow-up MRI

The LGE extent declined between initial and follow-up imaging in almost all patients
(20.0+11.2 % vs. 14.9+10.0%, p<0.0001, Suppl. Figure 3A). In contrast, in average there
was no change in the global EF at follow-up (47.4+9.7% vs. 46.4+11.8%, p=0.56, Suppl.
Figure 3B). There was no correlation between the post-ischemic 18F-FDG uptake in the
infarct area or remote myocardium and the decrease of LGE (ALGE) (r=0.10, p=0.62 and
r=0.24, p=0.21, respectively).

As expected, the change in EF, enddiastolic volume (EDV), and endsystolic volume (ESV)
between initial and follow-up imaging were associated with the infarct size (AEF: r=-0.39,
p<0.05; AEDV: r=0.41, p<0.03; AESV: r=0.59, p<0.002, Figure 5A). No outliers were
detected in the functional outcome measures (AEF, AEDV and AESV). Interestingly, the
change in EF, EDV, and ESV was inversely correlated to the post-ischemic FDG uptake
(SUVnean) in the heart 5 days after infarction (AEF: r= —0.47, p<0.02; AEDV: r=0.51,
p<0.007; AESV: r=0.60, p<0.0008, Figure 5B). There was no correlation between the 18F-
FDG uptake in remote myocardium and the changes in EF, ESV or EDV (AEF: r=-0.29,
p=0.12; AEDV: r=0.03, p=0.90; AESV: r=0.18, p=0.35).

To further elucidate the significance of the post-ischemic 18F-FDG uptake, a stepwise
multiple regression analysis with the following factors was performed: LGE extent, 18F-
FDG extent, SUVnean, peak leucocyte count, peak monocyte count, counts of the different
subsets and the pain-to-balloon time. Only the 18F-FDG extent, the LGE extent and the post-
ischemic 18F-FDG uptake (SUVmean) showed in the preceding unadjusted analysis an
association (p<0.10) with at least one of the measures of functional outcome AEF, AEDV or
AESV (Table 2). In the subsequent multivariable analysis the SUV pean remained an
independent marker for left ventricular functional outcome independent from LGE or 18F-
FDG extent (Table 3).

Of the 29 patients with follow-up MRI, a total of 493 myocardial segments (according to the
AHA 17-segment model) were analyzed regarding wall motion abnormalities. At baseline
247 of the analyzed segments (247/493, 50.1%) showed wall motion abnormalities with a
mean wall motion abnormality score of 1.7+0.8. At follow-up, 139 segments (139/493,
28.2%) still demonstrated any wall motion abnormality and the wall motion abnormality
score decreased to 1.0+1.1 (p<0.0001). Segments with an improved wall motion (160/247,
64.8%) had both a lower LGE transmurality score (1.9£1.5 vs. 2.4+1.6, p=0.01) as well as a
lower SUV mean (2.2+0.4 vs. 2.4+0.4, p<0.008) compared to segments without wall motion
improvement (Figure 5C). A multivariable regression analysis with LGE transmurality score
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and SUV ean as variables for the association with regional wall motion improvement
demonstrated that both measures independently correlated with regional wall motion
improvement (LGE: p<0.03, SUVnean: p<0.02).

DISCUSSION

Despite advances in cardiovascular medicine, myocardial infarction and subsequent loss of
cardiomyocytes still results in adverse remodeling and the development of heart failure in
many patients. While regenerative approaches aiming for cardiomyocyte replacement are
still under investigation, the immune system has been identified as a key player of
endogenous cardiac repair and scar formation. Different leukocytes invade the heart after
ischemic injury and orchestrate the removal of cell debris, the formation of new vessels, and
the turnover of extracellular matrix. Of note, both an overshooting and abolished
inflammatory response after myocardial infarction appear to have deleterious effects on
outcome in animal models and observational studies, leading to the concept of a parabolic
relationship between inflammatory response and healing quality.28 Pro- and anti-
inflammatory monocyte and macrophage subtypes have been proposed to be balancing
forces in this complex and tightly regulated process.®: 22 Furthermore, altered levels of these
cellular subtypes have been associated with impaired infarct healing in patients* ®, making
the immune system a potential therapeutic target for the prevention of heart failure after
myocardial infarction. While several immune modulatory strategies led to an improved
infarct healing in preclinical trials, most clinical pilot trials have shown less promising
results so far30, suggesting that possibly not all patients with AMI may benefit from these
therapies. A recent pilot study suggested colchicine as a beneficial anti-inflammatory agent
after AMI resulting in a decreased infarct size31, but further studies will be needed to
validate these findings.

18F_FDG-PET/MRI has been proposed as a tool to measure the cellular immune response in
the myocardium in a preclinical study in mice.1 Successful in vivo imaging of immune cells
in the heart after myocardial infarction in patients may help to guide novel therapeutic
approaches. Therefore, we sought to explore the value of 18F-FDG-PET/MRI in patients
with myocardial infarction in relation to the cellular immune response and functional
outcome.

Our study showed two key findings: (i) The size of the 18F-FDG-PET signal and the
numbers of leukocytes released to peripheral blood — particularly CD14"M9"CD16*
monocytes — showed a significant correlation with the size of the infarction. (ii) The
intensity of the 18F-FDG-PET signal was associated with MRI measures of left ventricular
global and regional functional outcome, independent of infarction size and peripheral white
blood cell counts.

The preclinical work by Lee et al. suggested that 18F-FDG-PET could be used to monitor
CD11b+ monocytes and macrophages in the heart.24 Translating this concept to the clinical
setting, our study demonstrated that simultaneous cardiac 18F-FDG-PET/MRI after
myocardial infarction reproducibly labeled cells within and surrounding the infarcted
myocardium. The SUV nean of the 28F-FDG-PET signal in the infarcted area measured 5
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days after myocardial infarction correlated with an increase in EDV and ESV and a decrease
of EF after 6 months. These relationships were still significant when the influence of the
infarction size was taken into account. No correlation was found between the 18F-FDG
uptake in remote myocardium and left ventricular functional outcome. This lack of
correlation may be attributed to the early imaging time point after M1 in our study, as the
infiltration of remote myocardium by inflammatory cells occurs later according to the
aforementioned preclinical study.14

The post-ischemic 18F-FDG uptake in the infarct (SUVyean) showed no correlation with
infarction size, initial EF or peripheral blood laboratory parameters, suggesting that the
imaging strategy added an additional level of prognostic information. The study by Lee et al.
showed a correlation between the FDG uptake in the infarct area and the number of CD11+
cells in the murine myocardium.1# At first sight, it may appear puzzling that the post-
ischemic 18F-FDG uptake did not correlate with peripheral blood monocyte counts in our
study. However, this lack of correlation does not exclude the possibility that immune cells
were labeled by 18F-FDG, as the post-ischemic 18F-FDG uptake in the myocardium is likely
dependent on leukocyte recruitment to the myocardium, on monocyte differentiation into
different macrophage subtypes and on macrophage activation — mechanisms that are
possibly independent from peripheral blood cell counts. It is likely that monocyte/
macrophage recruitment into the myocardium is regulated by additional factors such as local
adhesion molecule and chemokine expression, and does not passively follow blood
monocyte levels. From this perspective, it seems less surprising that the post-ischemic 18F-
FDG uptake did not correlate with peripheral blood monocyte numbers. This lack of
correlation rather demonstrates the additional value of 18F-FDG PET/MRI over circulating
biomarkers to non-invasively measure the inflammatory state in the infarct area after
myocardial infarction.

Nevertheless, the use of 18F-FDG as a tracer for inflammatory cells has limitations. As a
glucose analogue tracer, 18F-FDG is taken up by a variety of cells and has been used to
monitor cardiomyocyte viability32 and metabolism in response to hypoxia.33 In the present
study, 18F-FDG uptake of normal cardiomyocytes was suppressed by patient preparation
including high fat diet, fasting, and heparin injection prior to the scan — methods that have
been developed to image inflammation in coronary arteries and sarcoidosis.1> 16 However, it
has not been shown whether these methods reliably suppress 18F-FDG uptake in viable post-
ischemic cardiomyocytes, as acutely ischemic and hibernating myocardium shifts its
metabolic use of fatty acids towards glucose with depletion of glycogen stores34 and
upregulation of glucose transporters 1 (GLUT1)3°, a state termed “ischemic

memory”.32: 33,36 Nevertheless, using this technique mean SUV values in the infarcted
tissue were approximately three times lower when compared to healthy remote myocardium
in conventional 18F-FDG PET imaging indicating that this signal is not originating from
vital cardiomyocytes.3” Another limitation of 18F-FDG PET is that it may not be able to
distinguish between different leukocyte subpopulations that play opposing roles in the
complex process of infarct healing. In the light of these limitations, it seems even more
remarkable that the level of 18F-FDG uptake in the heart after myocardial infarction could
still be associated with adverse global and regional functional outcome after 6 months.
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Thus, the association of a higher intensity of 18F-FDG uptake in the infarct area with signs
of adverse remodeling suggested a prevalent 18F-FDG uptake by a cell type, which can
adversely affect infarct healing if it is abundantly present or shows strong metabolic activity.
Interestingly, macrophages have been shown to exhibit increased 18F-FDG uptake in vitro in
response to inflammatory cytokines as well as hypoxia.38-40 Furthermore, we found the
strongest 18F-FDG signal in areas with most transmural LGE extent, i.e. least viable
myocardium, supporting the idea that the predominant fraction of the 18F-FDG signal came
from inflammatory cells in this area. This finding appears to be in line with post-mortem
analyses of the hearts from patients who died from myocardial infarctions, showing
increasing monocyte numbers in the infarct core at 5-14 days after myocardial infarction.!
The area of the myocardial 18F-FDG uptake strongly correlated with the infarction size
measured by LGE. In detail, the 18F-FDG uptake area was slightly larger than the LGE area
in most patients and more closely resembled the area at risk determined in a subset of
patients by 9°MTc-sestamibi SPECT with tracer injection prior to PCI. This is in line with
the finding of a recent study, showing a close relationship between the 18F-FDG signal
extent and myocardial edema by T2-weighted cardiac MRI1.18 This may be attributed to
immune cells in the border zone of the infarction, to 18F-FDG uptake in “ischemic memory”
cardiomyocytes, or to methodical differences between the imaging modalities. The peak
circulating levels of leukocytes after myocardial infarction were also associated with the
spatial extent of myocardial injury and 18F-FDG uptake in our patient sample. Intermediate
(CD14M9"CD16%) monocytes mobilized during the first 3 days after AMI showed a positive
correlation with infarction size and the 18F-FDG uptake area, supporting the idea that

the 18F-FDG signal reflected mobilization and migration of monocytes to a relevant degree.
Expression of CCR2 (corresponding to murine Ly-6CMi9") was sufficient to identify a
monocyte population correlating with infarction size, suggesting a direct neuronal or
humoral pathway from the infarcted heart to the spleen and bone marrow that signals the
precise demand for CCR2+ cells. This seems of particular interest in the context of recent
publications that show a role of Ly-6CM9" monocytes in orchestrating both pro- and anti-
inflammatory macrophages and track the release of these monocytes back to a subset of
CCR2+ hematopoietic stem and progenitor cells in the mouse.*2: 43 The association of
CCR2+ (and particularly intermediate) monocyte counts with impaired outcome after
myocardial infarction in patients seems to be in line with our observation, although an
association of monocytes subtypes with outcome independent of infarction size has been
proposed in some studies.>: ©

As described before, we also observed a decrease in LGE after MI between baseline imaging
and 6-month follow-up.#* As the decline in LGE after myocardial infarction is mainly
attributed to a decrease in edematous tissue, it is not surprising that no correlation with the
post-ischemic FDG uptake in the heart was found.

AMI is a severe traumatic event that leads to immune responses in multiple organ systems.
A substantial number of the monocytes initially recruited to the heart derive from a reservoir
in the spleen. The first few days after infarction leukocyte recruitment remains at high levels.
To meet this demand, cell production increases in the bone marrow and the spleen. Several
reports demonstrated a higher 18F-FDG uptake within the spleen, the bone marrow and the
carotid arteries in AMI patients compared to controls#®. The focus of this study was to
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investigate the relevance of post-ischemic 18F-FDG uptake in the myocardium regarding LV
functional outcome after six months. Therefore — and to limit the duration in the scanner for
the post-MlI patients — the imaging protocol was focused to image the heart; other organs
(e.g. the spleen) were not fully covered in most patients and were therefore not studied.
Furthermore, the inflammatory processes in spleen and bone marrow are known to follow
distinct temporal dynamics, differing from the dynamics in heart. Therefore, imaging the 3
organ systems at the same time point was not considered ideal for the analysis of their
interactions. Consistently, we did not find strong relationships between circulating cells, 18F-
FDG uptake in the heart and 18F-FDG uptake in the bone marrow.

However, we found a correlation between the 18F-FDG uptake in the post-ischemic
myocardium and the aortic wall, supporting the idea that the systemic immune response
after myocardial infarction may affect atherosclerosis. Interestingly, we also found a
significant inverse correlation between the CD14'°Y/CD16* (non-inflammatory or
reparative) monocyte subset and the 18F-FDG uptake in the aortic wall, indicating a possible
protective role of these cells regarding arterial inflammation following acute MI. However, it
has to be acknowledged, that the release of leukocytes and monocytes after AMI is highly
dynamic and a single imaging session might not be sufficient to clarify these questions.

This study was performed using a clinical hybrid PET/MRI. It has to be acknowledged that
all obtained data could have also been acquired using separate devices (such as standalone
MRI and PET or PET/CT). This would have resulted, however, in an increased complexity
of the workflow (regarding the need for two independent imaging appointments) and would
have increased stress and radiation dose for the patients due to the necessity of an additional
scan for attenuation correction using PET/CT or standalone PET. Furthermore, data analysis
would be complicated using separate scanners because ideal coregistration is only
guaranteed when performing a simultaneous scan using hybrid PET/MRI. Still, it has to be
pointed out that centers without access to a hybrid PET/MRI scanner may use standalone
PET and MRI to further investigate this novel imaging approach.

This study has some limitations. We planned this observational study with a relatively small
sample size, due to the unknown variance of the readout. However, additional patients were
lost to MRI follow-up. The small patient number does also not allow association with hard
endpoints. Due to the small patient number and the explorative nature of our study,
validation of our findings in a larger cohort will be necessary. The prospective nature of our
study, the detailed assessment of clinical and laboratory parameters, and the inclusion of a
functional follow-up are strengths of our study. The time point of imaging was extrapolated
from small animal studies, as serial PET imaging in patients did not seem to be justified.
Serial imaging in large animals may help to optimize the timing of this novel imaging
strategy.

In conclusion, the results of the present study suggest that 18F-FDG-PET/MRI may offer
additional prognostic information regarding adverse functional outcome in patients with
myocardial infarction. The paucity of beneficial results from early clinical therapeutic trials
targeting the immune system in myocardial infarction may partly have been caused by an
unspecific patient selection in combination with potentially harmful side effects. We believe,

Circ Cardiovasc Imaging. Author manuscript; available in PMC 2017 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rischpler et al.

Page 12

that this imaging approach may be able to identify patients at risk for an excessive immune
response who are more likely to benefit from immune modulatory therapies that target
specific cell subsets. Furthermore, PET/MRI could be used to monitor and guide these
therapies, particularly in clinical trials. Taken together, there is accumulating evidence from
ours and other studies that fasting 18F-FDG PET reliably measures inflammation in the
heart. Nevertheless, we believe that more specific PET tracers for cellular subsets of the
immune response will yield more relevant readouts.
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Clinical Perspective

The cardiac inflammatory response following myocardial infarction represents an
emerging target for future therapeutic approaches in the treatment of myocardial
infarction. While inflammation is required for proper infarct healing, a dysregulated
immune response is known to increase the risk for adverse cardiac remodeling and the
development of heart failure. Nevertheless, no approved immune-modulatory therapies
for myocardial infarction are available to date, and quantification of the immune response
in patients largely relies on measurements from peripheral blood. In this study, combined
PET/MR imaging after suppression of physiological myocardial glucose uptake was used
to visualize the 18F-FDG consumption within the heart five days after ST-elevation M1 as
a novel biosignal for post-ischemic myocardial inflammation. The observed 18F-FDG
signal labeled the post-ischemic myocardial area, exceeded the infarct area and
corresponded to the myocardial area-at-risk. Follow-up functional cardiac MRI studies
revealed an inverse correlation between the 18F-FDG signal intensity after 5 days and
cardiac function after 6 months (assessed by change of EDV, ESV, and EF), independent
of infarction size and with a stronger correlation. Thus, the signal obtained by this novel
imaging strategy presumably visualizes migrated immune cells to the heart and appears
to be of prognostic significance. This imaging approach may be useful for the
identification of patients at risk for the development of post-MI heart failure and may be
ideal for patient selection and monitoring of future immune-modulatory therapies.
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BF-FDG uptake (n=4)

* imaging revealed previous infarctions (n=3)
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* technical issues with the PET/MRI (n=1)

* paravenous injection of contrast agent (n=1)
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Patients for initial analysis:
18F-FDG PET/MRI (n = 39),
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Follow-up by MRI

Loss of follow-up in 10 patients

* |ICD implantation (n=2)

* not reachable by phone or mail (n=2)

* not willing to undergo follow-up imaging (n=2)

* other personal reasons (n=2)

* premature termination of MRI scan by patient (n=1)
* kidney failure (n=1)
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Patients with follow-up MRI
(n=29)

|

Figure 1. Study flow chart

A total of 49 patients were initially enrolled in the study. From this sample 10 subjects had
to be excluded after 18F-FDG PET/MRI for various reasons. 39 subjects were included in
the initial analysis of PET/MRI and blood parameters. A subgroup of 23 patients
underwent 99MTc-sestamibi SPECT with tracer injection prior to PCI to determine the area

at risk.

At follow-up, MR imaging could not be obtained in 10 more patients, resulting in a follow-

up group of 29 patients.
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Figure 2. 18F_FDG PET/MR images of two patients shortly after AMI
Short and long axis views of LGE MR images (left), 18F-FDG PET images (middle), and

overlay (right) of patients with anterior (A) or inferior (B) myocardial infarction.
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Figure 3. Comparison of 18F-FDG extent, LGE extent, and area at risk
A: Correlation between quantitative 18F-FDG extent (%LV) and LGE extent (%LV) (left).

Bland-Altman-Plot of the difference between 18F-FDG extent (%LV) and LGE extent
(%LV) against the mean of both measures (middle). Comparison of 18F-FDG uptake area
and LGE area in all 39 patients with (*p<0.0001) (right).

B: Short axis views of 99MTc-sestamibi SPECT depicting the area at risk, 18F-FDG PET,
fusion of the two and LGE MR images of a patient with inferior myocardial infarction. The
area at risk nicely matches the post-ischemic 18F-FDG uptake, while both measures are
larger than the LGE extent.

C: Correlation between quantitative 18F-FDG extent (%LV) and area at risk (%LV) (left).
Comparison of 18F-FDG uptake extent, LGE extent and area at risk in 23 patients
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with 99MTc-sestamibi-SPECT (right, 18F-FDG vs. LGE, *p<0.0001; Area at risk vs. LGE
*0<0.004),
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Figure 4. Peak leukocytes, CCR2+ monocytes and monocyte subpopulations in relation to LGE

and 18F-FDG extent

A: Correlation between infarct size and peak leukocytes after infarction (left), 18F-FDG
extent and peak leukocytes (middle), and 18F-FDG extent and CCR2+ monocytes early after
myocardial infarction (right). (G/L = 10° cells per liter).
B: CD14N9hCD16™ (inflammatory), CD14M9"CD16* (intermediate), and CD14!°¥CD16*
(reparative) monocyte subpopulations determined during the first 3 days after AMI in
relation to the LGE extent and 18F-FDG extent. (G/L = 10° cells per liter).
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Figure 5. Association of post-ischemic 18F-FDG uptake and infarct size with left ventricular
functional outcome
A: Correlation between LGE extent and AEF (EF at follow-up — EF at initial imaging),

AEDV (EDV at follow-up — EDV at initial imaging), and AESV (ESV at follow-up — ESV at
initial imaging).

B: Correlation between post-ischemic 18F-FDG uptake in the infarct area (SUVnean) and
AEF, AEDV and AESV.
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C: Segmental analysis of the wall motion recovery at follow-up. Comparison of LGE
transmurality and 18F-FDG uptake in the infarct (SUVmean)-
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Unadjusted analysis of the change in global left ventricular function (AEF, AEDV, AESV) after myocardial

infarction.
Unadjusted Ps
Factor
AEF | AEDV | AESV
LGE extent (%LV) | 0.04 0.03 0.001

FDG extent (%LV)

0.57 0.18 0.10

SUV ean (infarct)

0.01 | 0.006 | <0.001

SUV nean (remote)

0.14 0.86 0.37

Peak leukocytes

0.61 0.61 0.36

Peak monocytes

0.17 0.57 0.69

CCR2+ monocytes

0.17 0.78 0.67

cD14hish/cp16~ | 0.12 0.49 0.47
cD14his/cp16* | 0.19 0.97 0.39
CD14'w/cD16* | 0.89 | 0.48 0.57

Pain-to-balloon

0.86 0.80 0.67
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Table 3
Multivariable analysis of the change in global left ventricular function (AEF, AEDV, AESV) after myocardial
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infarction.

Multivariable Ps
Factor
AEF | AEDV | AESV
LGE extent (%LV) | 0.14 0.10 0.01
FDG extent (%LV) - - 0.38
SUV pean (infarct) | 0.04 0.02 0.005
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