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1. Abstract

1.1. Background

Percutaneous coronary intervention (PCI) of chronic total occlusion (CTO) represents one
of the major challenges in interventional cardiology. Physicians are still reluctant in refer-
ring for PCIl, assuming non-viability of the myocardium subtended by the CTO. Data are
controversial in assessing the improvement of left ventricular (LV) wall motion after revas-

cularization and the prognostic value of viability testing to guide patient selection.

1.2 Objective

This study sought to determine the value of viability testing with hybrid fluorodeoxyglucose
positron emission tomography/magnetic resonance (FDG PET/MR) imaging in predicting
left ventricular (LV) wall motion recovery after revascularization of coronary chronic total

occlusion (CTO) in comparison to PET or MRI alone.

1.3 Methods

49 consecutive symptomatic patients with CTO and evidence of wall motion abnormality in
the corresponding CTO-territory were enrolled. All patients underwent hybrid FDG PET/
MR imaging as semi-quantitative assessment of myocardial viability (i.e. maintained glu-
cose metabolism) in PET and late gadolinium enhancement (LGE) transmurality in mag-
netic resonance imaging (MRI) — prior to PCI of the CTO. Follow-up MRI was performed in

23 patients 3-6 months after successful revascularization to evaluate wall motion recovery.



1.4 Results

We assessed viability in 124 myocardial segments subtended by a CTO in 23 patients with
successful PCI, who underwent serial imaging. Segments with wall motion abnormality at
baseline (n=80) were analyzed. Most of these segments (n=54, 68%) were concordantly
assessed viable by PET and MRI, conversely only 2 (2%) segments were assessed non-
viable by both imaging modalities. However, 30% showed a discordant viability pattern,
either PET non-viable/ MRI viable (3 segments, 4%) or PET viable/ MRI non-viable (21
segments, 26%) and the latter revealed a significant wall motion improvement at follow-up
(p=0.033). Combined imaging by FDG PET/MR showed a fair accuracy in predicting my-
ocardial recovery after CTO revascularization (PET/MR area under ROC curve (AUC)
0.72, SE 0.07, p=0.002), which was superior to MRI-LGE (AUC=0.66) and FDG-PET

(AUC=0.58) alone.

1.5 Conclusion

Hybrid PET/MR imaging prior to CTO revascularization predicts more accurately the re-
covery of dysfunctional myocardium than PET or MRI alone. The complimentary informa-
tion derived from both modalities may particularly help to identify small amounts of viable
epicardial myocardium within large scars, which can improve contractility after CTO-revas-

cularization.



2. Zusammenfassung

2.1. Hintergrund

Bei Patienten mit chronischen totalen Verschlissen der Koronararterien ist die Datenlage
aktuell nicht eindeutig, ob eine perkutane Revaskularisierung zu einer Verbesserung der
linksventrikularen Pumpfunktion und somit auch zu einer verbesserten Prognose fuhren

kann.

2.2 Ziel

Ziel dieser prospektiven Studie war es zu untersuchen, ob eine Vitalitatsevaluation mittels
kombinierter Fluordesoxyglukose Positronen-Emissions-Tomografie/ Magnetresonanzto-
mografie (FDG PET/MRT) eine genauere Stratifizierung hinsichtlich einer Verbesserung

der linksventrikularen Funktion im Vergleich zu FDG PET oder MRT alleine ermdglicht.

2.3 Methodik

49 Patienten mit einer relevanten CTO und einer regionalen Wandbewegungsstérung im
korrespondierenden Versorgungsgebiet wurden prospektiv eingeschlossen und mittels
FDG PET/MRT untersucht. Nach Durchfiihrung des FDG PET/MRTs und Evaluation der
Vitalitat (Glucosemetabolismus im PET bzw. Transmuralitat des ,late gadolinium enhan-
cements (LGE) im MRT) der betroffenen Segmente im AHA 17-Segment-Modell wurde
eine perkutane Revaskularisierung durchgefuhrt. Zur Beurteilung der linksventrikularen
myokardialen Funktionsverbesserung wurde eine MRT nach ca. 3-6 Monaten durchge-

fahrt.



2.4 Ergebnisse

Von 23 erfolgreich revaskularisierten Patienten mit MRT-Follow-up wurden die 80 betroffe-
nen Segmente im Versorgungsgebiet der CTO analysiert, wobei 93% (75/80) PET-vital
waren, wahrend im MRT nur 71% (57/80) eine Vitalitat aufwiesen. 68% (54/80) der Seg-
mente waren konkordant PET/MRT vital und 2% (2/80) konkordant PET/MRT avital. 30%
der Segmente wiesen ein diskrepantes Ergebnis auf: 4% (3/80) als PET avital/MRT vital
bzw. 26% (21/80) der Segmente als PET vital/MRT avital gewertet wurden. Die letzten
zeigten eine signifikante funktionelle Verbesserung bei der Follow-Up Untersuchung
(p=0.033). Die Kombination von FDG PET/MRT erlaubt eine genauere Vorhersage der
Verbesserung der regionalen Wandbewegung nach Revaskularisation (PET/MRT Flache
unter der ROC Kurve (AUC) 0.72, SE 0.07, p=0.002), im Vergleich zu MRT-LGE

(AUC=0.66) oder FDG-PET (AUC=0.58) allein.

2.5 Schlussfolgerungen

Die kombinierte FDG PET/MRT Bildgebung erlaubt eine bessere Stratifizierung hin-
sichtlich einer LV-Funktionsverbesserung nach Revaskularisation im Vergleich zu PET
oder MRT allein. Die durch die beiden Modalitaten zusatzlich erbrachten Informationen
konnen dabei helfen kleine Areale von vitalem Myokard zu identifizieren, die nach einer

Revaskularisation die Kontraktilitat steigern kénnen.
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3. Introduction

3.1 Epidemiology of cardiovascular disease and coronary chronic total occlusions

Cardiovascular disease represents one of the major cause of death and disability in devel-
oped countries, accounting for over 3.8 million deaths each year, or 45% of all deaths
across European Society of Cardiology (ESC) member countries (Timmis et al. 2018). In
patients with coronary artery disease (CAD), atherosclerosis leads to the narrowing of
coronary arteries resulting in hemodynamically significant coronary lesions that induce
myocardial ischemia. Among those patients undergoing coronary angiography, the inci-
dence of at least one coronary chronic total occlusion (CTO) has been reported in litera-
ture to be up to 30 to 50% (Koelbl et al., 2018). A CTO is defined on a native coronary
artery presenting an atherosclerotic complete vessel narrowing with interruption of ante-
grade blood flow (Thrombolysis in Myocardial Infarction [TIMI] grade 0 flow) and an esti-
mated occlusion duration of = 3 months (Koelbl et al., 2018). The overall prevalence of
chronic total occlusions in the general asymptomatic population is unknown.

A CTO could evolve after an acute myocardial infarction - even in 30 to 45% of patients
before PCl was routinely used in such a clinical setting. Thanks to PCI, rates have
dropped, but a CTO might develop after a failed intervention or subsequent vessel reoc-
clusion in 5-10% of patients who underwent myocardial infarction. Moreover, approximate-
ly 40% of patients with a CTO had a history of previous myocardial infarction, which is

twice as high as in patients without a CTO (Hoebers et al., 2014).
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3.2 Percutaneous coronary intervention of coronary chronic total occlusions

Percutaneous coronary intervention (PCIl) of CTOs represents one of the major challenges
in interventional cardiology (Suero et al., 2001), and has historically been performed in
only 10% to 15% of all affected patients (Koelbl et al., 2018). The discrepancy between the
prevalence of CTOs and the lower rate of invasive revascularization highlights the techni-
cal complexity and perceived risk of complications compared with medical therapy, but
also the clinical uncertainties regarding patient selection before PCI (Hoebers et al., 2014).
Nevertheless, due to the recent development of the interventional retrograde approach
and the dual arterial access, the improvement in guidewire technology, and implementa-
tion of dissection and re-entry strategies, the success rate has increased to 80-90%, when
revascularization is performed by experienced operators. Moreover, the rate of periproce-
dural major adverse cardiovascular events (MACE) does not appear to be higher than with
non-CTO lesions (Suero et al., 2001). Several other studies suggest that successful CTO
revascularization is associated with symptom relief and improvement in quality of life, a
higher electrical myocardial stability, a reduced need for bypass surgery, an enhanced tol-
erance of future coronary events, the recovery of left ventricular function and improved
survival in comparison to failed PCI (Galassi et al. 2015, Stuijfzand et al., 2017, Hoebers et
al., 2014), other randomised controlled studies are still ongoing in order to validate those
findings. Recently, the prospective randomized EUROCTO (Randomized Multicentre Trial
to Compare Revascularization With Optimal Medical Therapy for the Treatment of Chronic
Total Occlusions) trial showed symptomatic improvement by PCI of CTO in comparison to
optimal medical therapy alone and comparable rate of MACE between the two groups.

The “Drug-Eluting Stent Implantation Versus Optimal Medical Treatment in Patients With
Chronic Total Occlusion” (“DECISION-CTQ”) trial (ClinicalTrials.gov identifier NCT

01078051) showed that the recanalization of a CTO was non-inferior but also not superior
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to optimal medical therapy, when compared towards a combined primary endpoint (mortal-
ity, myocardial infarction, stroke and any revascularization at 3 years), due primarily to low
enrollment (Koelbl et al., 2018). ACCF/AHA/SCAI PCI Guideline 2011 assigned a Class lla
indication with level of evidence B to revascularization of a CTO and suggested PCI after
an individualized risk-benefit assessment encompassing clinical, angiographic and techni-
cal considerations (Levine et al., 2011). Moreover, 2018 ESC/EACTS Guidelines suggest
the sought of objective evidence of viability before revascularization, in the presence of

regional wall motion abnormalities in the territory of the CTO.

3.3 Myocardial ischemia and viability in the presence of a CTO

Occurring as a chronic process, CTOs allow for development of collateral arteries from
other coronary beds. In the presence of a CTO, collateral flow is assumed to be sufficient
in preventing ischemia or that the myocardium subtended by the occluded artery is likely to
be non-viable (Stuijfzand et al., 2017). Though collaterals to CTO are often essential to
keep the myocardial viability, they are not able to provide sufficient blood flow reserve in
case of increased myocardial requirements (Koelbl et al., 2018). This hypothesis was con-
firmed in a study through the measurement of Fractional flow reserve (FFR), an invasive
diagnostic tool used during coronary angiography to assess the hemodynamic relevance
of a coronary lesion. All CTO patients showed an ischemic FFR, even in the presence of
severe regional wall motion dysfunction or well-developed collaterals (Sachdeva et al.,
2014). After a successful CTO revascularization, Sachdeva et al. (2014) showed an im-
provement of myocardial hemodynamics through invasive flow measurements comparable
to a non-CTO PCI. Therefore, in symptomatic patients CTO subtend ischemic regions,

even in the presence of an excellent collateral development and a successful revascular-
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ization reduces the burden of ischemia. Moreover, Stuijfzand et al. confirmed through PET
perfusion studies the hypothesis of a significant perfusion impairment in the vast majority
of CTO patients with a preserved LVEF, even in the presence of angiographically well-de-
veloped collateral arteries. The collateral function during increased blood flow demand in
viable myocardium was predominantly insufficient, indicating the need of revascularization.
Moreover, since the angiographic assessment of collaterals cannot accurately predict my-
ocardial viability, and has lower sensitivity in prediction of functional improvement in CTO
territories after revascularization, the evaluation of myocardial viability with non-invasive
imaging modalities is necessary (Wang et al., 2018). It has been recently studied that in
patients with CTOs, the extent of myocardial hibernation and scar does not correlate to the
angiographic status of the collateral flow (Wang et al. 2018).

Myocardium supplied by a CTO may have various pathophysiological features, ranging
from normal perfusion to stress-induced ischemia, stunning, hibernation, and eventually
necrosis. The assessment of myocardial function, viability and ischemia, by means of a
reliable diagnostic test, helps in predicting the benefits of the successful revascularization
of a CTO (Bucciarelli-Ducci et al, 2016), such as functional improvement. Therefore, it im-
proves patient selection in the clinical routine through an additional risk assessment (Stu-
ifwand et al., 2017). Many non-invasive imaging modalities such as positron emission to-
mography (PET), and cardiac magnetic resonance (MR) have been developed for the
identification and assessment of myocardial viability. Both PET and MR imaging have
been available in the clinical practice for more than 20 years and have developed as highly
valuable diagnostic tools. PET investigation is considered the most reliable noninvasive
procedure in the assessment of myocardial metabolism and perfusion in the CAD evalua-
tion (Nekolla et al., 2009). Meanwhile, contrast-enhanced MR imaging of the heart has

been increasingly used to assess myocardial viability. Given its high spatial resolution, it
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allows the acquisition of both cardiac function and transmural definition of myocardial scar-

ring, the latter using mainly Late Gadolinium Enhancement (LGE) methods.

3.4. Positron emission tomography

PET is an imaging technique, which employs tracers labeled with a positron-emitting iso-
tope in order to produce images of in vivo metabolism of an organ, more than anatomy.
Depending on the radiotracer, PET imaging allows non invasive evaluation of of myocar-
dial blood flow, function and metabolism, measuring radionuclide distribution with an ex-
ternal detector system (Dilsizian et al., 2009). During PET acquisition, two opposite gam-
ma photons of 511 keV — almost exactly 180° apart — are generated from the annihilation
event caused by a positron interacting with an electron (Figure 1). Detectors are placed as
rings around the patient: sensing almost simultaneously the two gamma photons from the
annihilation event, the annihilation is presumed occurring along the line between the two
opposite detectors (Anagnostopoulos et al., 2013, Cassen 1964). Combining these signal
acquisitions, cross-sectional slice images are developed from the spatial (and optionally

temporal distribution) of the radiotracer.
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Figure 1. Radiopharmaceuticals such as 3N emit positrons (B*), which collide with electrons (e), af-
ter travelling through matter and losing their energy. * and e-are antiparticles: at collision, a reaction
called “annihilation” occurs, generating two photons which are emitted at a 180° angle. The photons
are detected simultaneously from the detector ring. Adapted from “Cardiac PET imaging for the de-
tection and monitoring of coronary artery disease and microvascular health” by Schindler et al.,

2010.

3.5 FDG PET metabolic imaging

The most relevant tracer in clinical cardiac PET myocardial viability imaging is '8[F]-Fluo-
rodeoxyglucose (FDG), which is a radiolabeled glucose analog and is used to image my-
ocardial glucose utilization in vivo (Gambhir et al.,1989; Schwaiger et al., 1987). '8[F]-FDG
is widely available as it is also extensively used in oncologic diagnostics. FDG-PET repre-
sents the clinical “gold standard” in the investigation of myocardial viability, is the most
commonly used PET tracer to image the hibernating myocardium. Viable myocardium is
typically identified by the presence of >50% relative glucose uptake in the myocardium
(Rischpler et al., 2015; Allmann et at., 2013). In physiological conditions nonischemic my-

ocardial metabolism is based on the utilization of fatty acids in fasting state and glucose in
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the post- prandial state, whereas ischemia promotes the switch to glycolysis. Therefore,
ischemic and dysfunctional myocardium presents a maintained or even increased glucose
uptake. For the evaluation of myocardial viability with FDG, the substrate and hormonal
levels in the blood need to favor utilization of glucose over fatty acids by the myocardium.
The physical half-life of '¥[F] is 110 min and '8[F]-FDG uptake into the myocardium is de-
pendent on the insulin-sensitive glucose transporters (Sarikaya et al., 2015). Through the
euglycemic hyperinsulinemic clamp - a rigorous but rather time-consuming procedure with
simultaneous administration of glucose and insulin i.v. - it is possible to titrate precisely
the metabolic substrates and insulin levels, which results in excellent image quality in most
patients (Dilsizian et al., 2009). Once taken up by the myocardial cells, '¥[F]-FDG is phos-
phorylated into '8[F]-FDG-6-phosphate and becomes trapped in the myocardial cells, as it
minimally undergoes subsequent metabolism and its dephosphorylation rate is slow
(Sarikaya et al., 2015).

The sensitivity of '8[F]-FDG PET imaging to detect viable (or hibernating) myocardium is
high: the prediction of improvement in regional function after revascularization by dobuta-
mine echocardiography, TI-201 and Tc-99m scintigraphy, PET, and MR was compared in a
pooled analysis of viability studies from 1980 through to January 2007: the weighted mean
sensitivity, specificity, positive predictive value, and NPV of '8[F]-FDG PET were 92, 63,
74, and 87%, respectively, (Schinkel et al, 2007). '¥[F]-FDG PET showed the highest sen-
sitivity and dobutamine echocardiography the highest specificity compared with other
methods for the prediction of recovery of regional function after revascularization (Schinkel

et al, 2007).
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3.6 Magnetic Resonance imaging

MR is an imaging technique that generates and acquires images with high temporal and
spatial resolution and an excellent rendering of the soft tissues, through the exposure to
magnetic fields and electromagnetic waves in the radio frequency domain (Santarelli MF et
al., 2005). Different biological properties and characteristics of tissues, such as proton
density or spin relaxation times T1 (longitudinal relaxation time) and T2 (transversal relax-
ation time), are assessed from the MR signal released from the sample. The acquisition of
these particular parameters allows to discriminate different tissue types or pathologic al-
terations in biological tissue. In comparison to the majority of the imaging techniques, MR
imaging is performed using non-ionizing radiation: therefore, when used within the ap-
proved limits, it is considered non-hazardous. However, contraindications to MR include
metallic implantable devices, such as pacemaker and Implantable Cardioverter Defibrilla-

tor (ICD), and this is often the case in patients with severely reduced ventricular pump

function.

3.7 Cardiac magnetic resonance and viability evaluation

Currently, cardiac MR imaging is considered as a standard tool for morphologic characteri-
zation of the myocardium and has been established as the gold standard for assessment
of ventricular function, given its high spatial resolution (Krumm et al. 2018). Several car-
diac MR techniques have been proposed for the assessment of myocardial viability. These
techniques include resting cardiac MR (end diastolic wall thickness), dobutamine CMR
(contractile reserve), and contrast enhanced CMR (scar tissue). Contrast enhanced MR
viability imaging has been established in as a reliable modality, in which the assessment of
Late Gadolinium Enhancement (LGE) allows the definition of myocardial scar in its extent
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of transmurality, distinguishing transmural from subendocardial myocardial injuries, which
represents also prognostic relevance (Kwong et al. 2006). LGE is performed 5-20 min af-
ter the administration of contrast media Gadopentetat-Dimeglumin (Gd-DTPA) using inver-
sion-recovery prepared T1-weighted gradient-echo pulse sequences (PSIR) to suppress
the signal from remote myocardium and allows the identification of scarred myocardium
and is defined as regions of increased image intensity on T1 weighted images (Kaandorp
et al, 2005). Due to its higher spatial resolution, LGE imaging has shown advantages in
detecting small sub-endocardial scars as compared with PET (Krumm et al., 2018) and
can predict improvement of depressed myocardial function after revascularization
(Kirschbaum et al., 2012). The enhancement is due to changes in the extracellular matrix
between collagen fibres, which is in larger amount in scar tissue as compared to the
densely packed viable myocardium, and the contrast agent has an increased volume of
distribution in the interstitial volume (Kaandorp et al., 2005). LGE is validated and now
widely performed to a high standard (Klein et al., 2002) and is used as a surrogate end-
point in therapeutic studies, such as adjuvant treatment in acute infarction (Captur et al

2016).

3.8 Hybrid PET/MR Imaging

Fully integrated PET/MR systems allow the simultaneous acquisition of both modalities
and offer the unique opportunity to merge PET and MRI features both spatially and tempo-
rally, combining high resolution anatomy and high sensitivity for the detection of molecular
targets, as well as highly time-resolved functional parameters such as wall motion. The
Siemens Biograph mMR was the world’s first system able to combine MRI and PET imag-

ing simultaneously in one scanner. Moreover, the simultaneous image acquisition reduces
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the examination time with optimized co-registration at similar time points ( Krumm et al.,
2018).

In the past, both imaging modalities approaches have been shown to produce valuable
data for the prediction of functional outcome of the myocardium after revascularization
(Shah et al. 2013), but synergistic effects are still unknown. Moreover, in patients with
CTO, studies investigating these techniques with respect to clinical outcome are scarce.
Therefore, the aim of this thesis was to determine whether hybrid FDG-PET/MR imaging
allows for more accurate prediction of regional left ventricular recovery after successful

percutaneous revascularization of a CTO in symptomatic patients in comparison to PET or

MR alone.
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4. Methods

4.1 Study design

Between February 2016 to January 2018 we prospectively enrolled 49 consecutive pa-
tients with symptomatic CAD (angina or angina equivalent) due to the presence of a CTO
of a relevant coronary artery (segment 1, 2, 6, 7, 11 or 13, diameter >2,5 mm) and evi-
dence of corresponding wall motion abnormality either assessed by echocardiography or
angiography. Recruitment was performed at 3 different institutions: Klinikum Rechts der
Isar, Deutsches Herzzentrum and Osypka Herzzentrum in Munich. All patients underwent
hybrid FDG PET/MR imaging before undergoing CTO revascularization. Exclusion criteria
included contraindications for PET/MRI (pregnancy, hemodynamic instability, estimated
glomerular filtration <30ml/min, allergy to contrast agent, claustrophobia, presence of
pacemakers, ICDs, or any other ferromagnetic material in the body). To evaluate the im-
pact of the procedure on the left ventricular function, a follow-up MRI was scheduled within
6 months after successful CTO revascularization and was obtained in n=23 patients. Fol-
low-up imaging was not performed in 26 patients due to different reasons including unsuc-
cessful revascularization of the CTO (n=15), not performed revascularization of the CTO
(n=6), meanwhile implantation of MRI-incompatible pacemaker/ICD (n=1) or loss to follow-
up (n=3). Furthermore, one patient had to be removed from the final analysis because of
poor image quality of the PET scan.

The study was approved by the local ethics committee (vote of approval 169/16 S) and
was performed in agreement with the ethical standards according to the Declaration of

Helsinki. For all patients written informed consent was obtained prior to imaging.
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4.2 Imaging protocol

Imaging was performed in all patients using a hybrid PET/MRI system (Biograph mMR,
Siemens Medical Solutions, Erlangen, Germany), which acquires simultaneously PET and
MRI data (Figure 2). The MRI component consists of a 3 Tesla MRI scanner, while the PET
component is built of LSO crystals equipped with avalanche photodiodes (Torigian et al.
2013). The performance of the PET/MRI system has been previously evaluated in different

studies (Delso et al. 2011).

Inside the scanner =40 min

- VIABILITY
60 min PET

60 min

MR

[ LeE
!

3|

WALL MOTION |

Figure 2. PET/MRI viability protocol: the hyperinsulinemic clamp for approximately 60 minutes pre-
cedes the FDG injection. After 60 minutes begins the scan with the simultaneous acquisition of PET

and MRI sequences. After the acquisition of cine sequences, Gd-DTPA is injected.
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4.3. PET imaging

In order to reach the optimal uptake of glucose within the myocardium, the hyperinsuli-
naemic-euglycaemic clamp technique was applied to standardize the metabolic environ-
ment in all patients (DeFronzo et al., 1979). The insulin pump was prepared with 0,06 U/
kg/KG/h insulin (or 0,1 U/kgKG/h in diabetic patients) diluted in 50 ml 0,9% NaCl solution.
Meanwhile plasma glucose was determined every 10 minutes. After the stabilization of the
plasma glucose level for approx. 60 minutes through the clamp technique, 240-370 MBq
FDG (4MBq per kg body weight) was administered intravenously. Approximately 60 min-
utes after the intravenous injection of FDG, a list-mode PET scan in 3D mode was started.
The acquisition was performed applying ECG gating. Emission data were corrected for
dead time, randoms, scatter, and attenuation. Images were reconstructed using a 3D at-
tenuation-weighted ordered subsets expectation maximization iterative reconstruction al-
gorithm (AW-OSEM 3D) with three iterations and 21 subsets, Gaussian smoothing at 4
mm full width at half maximum, a matrix size of 344 x 344, and a zoom of 1. 2-point Dixon
MRI sequences were used in the attenuation correction of PET data, as previously de-
scribed (Martinez-Moller et al, 2009). Since parts of the body may be truncated in the at-
tenuation map, because of the relatively small field of view of the MRI, the recovery of the
missing part of the attenuation map was assessed from PET emission data, using the so-
called maximum likelihood reconstruction of attenuation and activity (MLAA) technique, as
previously described (Nuyts et al., 2013). PET images are acquired simultaneously to MR

images.
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4.4 MR imaging

After positioning the patient, overview images (scout) of the heart in the 3 standard sec-
tional planes (axial, coronal, sagittal) were acquired. Firstly, MR sequences without con-
trast agents were planned on the basis of these sectional planes: - ECG triggered se-
quences for functional diagnostics (BFFE, CINE-sequences): primary visualisation of the
left ventricle in the 4-chamber view, 2-chamber view, and short axis. Thereafter, 0.2 mmol/
kg Gd-DTPA (Magnograf, Marotrast GmbH, Jena, Germany) was administered intra-
venously after a waiting time of at least 10 minutes LGE data were acquired, using an in-
version recovery-prepared T1-weighted gradient-echo pulse sequences with phase-sensi-
tive reconstruction (PSIR). For left ventricular wall motion analyses, steady-state free pre-
cession cine sequences were acquired. ECG triggering was applied for the acquisition of
these sequences, and all images — including long-axis (two-chamber view and four-
chamber view) and short-axis views of the entire left ventricle—were obtained during

breath hold. For the entire scan, phased-array body surface coils were used.

4.5 Image analysis

All modalities were analyzed using a dedicated software package (Munich Heart), which
allowed the depiction of quantitative measures in polar maps, on which an established 17-
segment model according to the American Heart Association (AHA) (Cerqueira et al. 2002)
were applied (Nekolla et al.,1998).

For PET analysis, the maximal uptake of FDG within the left ventricle was set as reference

and the segments were defined viable if their FDG uptake was at least 50% of the refer-
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ence area (Baer et al., 1996). In case of an FDG uptake below this threshold, the respec-
tive segment was defined as ‘FDG non-viable’ (Rischpler et al, 2015).

MRI analysis were performed independently by two experienced observers, who were
blinded for the angiographic data. Global LV function parameters, such as LV mass, end
systolic volume (ESV), enddiastolic volume (EDV), and ejection fraction (EF) were ana-
lyzed by manual outlining of the left ventricular contours on short-axis cine images using
the MunichHeart/MR software (Figure 3 and 4). Similarly, the amount of LGE was manual-
ly traced on each short-axis slice and calculated as percentage of the left ventricle (Risch-
pler et al, 2015). Regional transmural extent of LGE was determined for each LV segment
according to a 5-point score: 0=no, 1<25%, 2<50%, 3<75%, 4>75-100% LGE. If the
transmural extent of LGE was <50% (Score 0-2) of the myocardial thickness, the segment
was defined ‘MRI viable’, and for any extent >50% (Score 3,4) as ‘MRI non-viable’, respec-
tively. Moreover, regional wall motion was semiquantitatively assessed at baseline and fol-
low-up in each segment using a 5-point scale (0 = normal wall motion, 1 = mild to moder-
ate hypokinesia, 2 = severe hypokinesia, 3 = akinesia, and 4 = dyskinesia) defining the
degree of wall motion impairment in each of the 17 myocardial segments at baseline and
follow-up. A decrease of the wall motion abnormality score of at least 1 point was defined

as contractility improvement.
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Figure 3. Example of myocardial volumes and ejection fraction quantification through MR postpro-
cessing. In short axis slices myocardial contours are defined in red (epicardial) and blue (endocar-

dial). Imaging post processing has been done through Munich Heart/ MR Myocardial Wall Tool

1.8.5.0.
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Figure 4. End diastolic (1) and end systolic (10) gates of MR short axis slice images (3,4,5,6). Epicar-
dial and endocardial contours are drawn in blue and light blue, respectively. Munich Heart/ MR Myo-

cardial Wall Tool 1.8.5.0 Beta.
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4.6 Statistics

The distribution of quantitative data is presented by mean * standard deviation (SD) or
median (interquartile range, IQR), as appropriate. Comparisons of baseline and follow-up
measurements were performed by t-tests for paired samples. The distribution of ordinal
variables was compared between cohorts using the Mann Whitney-U test. Quantitative
data is presented by absolute and relative frequencies. Intermethod agreement was calcu-
lated by means of Cohen’s Kappa.

Changes of regional wall motion and of measurements of LGE between baseline and fol-
low-up were tested by the Wilcoxon signed rank test due to deviations from the normal dis-
tribution. The diagnostic ability of PET and MR were assessed through Receiver Operating
Curve (ROC)-analysis for clustered data to account for the assessment of multiple seg-
ments per patient (Obuchowski, 1997). PET and MR measurements served as predictor
variables in a binary logistic regression model to compute a prognostic score through the
linear predictor of the model (linear predictor = -1.3487 - 0.6150 * FDG + 0.5909 * LGE).
Hybrid imaging was compared to PET or MR results alone by use of this score. All statisti-
cal hypothesis testing has been performed on exploratory two-sided 5% significance lev-
els. R 3.6.1 (The R Foundation for Statistical Computing, Vienna, Austria) has been used

for computations.
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5. Results

5.1 Baseline characteristics

Patient characteristics for the study group undergoing both imaging studies (n=23) are
summarized in Table 1. Mean age in this cohort of patients affected by coronary artery
disease (CAD) averaged 6119 years. Leading cardiovascular risk factors were hyperten-
sion, followed by dyslipidaemia, a history of smoking, a positive CAD history in the family
and about one fourth of the patients were diabetics. The majority (91%) of the patients
showed a multivessel CAD and half (52%) of the patients had suffered from a previous
myocardial infarction. Four patients had already undergone a bypass surgery. Most of the
percutaneous interventions were undertaken in the RCA (56%), followed by LCx and LAD.
In the coronary angiography most patients showed a right coronary dominancy (n=15,

65%) or a codominancy ( n=6, 26%).
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Male sex
Age, years
Body Mass Index, kg/m2
Diabetes
Hypertension
Smoking
Dyslipidaemia
Family history
Multivessel CAD
Previous myocardial infarction

Coronary artery bypass

Localization

Coronary dominance

Table 1. Baseline characteristics of the patients’ cohort. Data are expressed as mean * standard de-

Baseline Characteristics (n=23)
22 (96%)
61+9
29 +3
6 (26%)
21 (91%)
13 (56%)
18 (78%)
6 (26%)
21 (91%)
12 (52%)
4 (17%)

LAD 4 (18%)
LCX 6 (26%)
RCA 13 (56%)

Right 15 (65%)
Left 2 (9%)
Codominant 6 (26%)

viation (SD) or as number of individuals and percentage of the total.
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5.2 PET/MR imaging prior to revascularization

Combined PET/MR imaging was successfully performed in all 23 patients who underwent
revascularization and follow-up imaging. In total n=391 segments were analyzed. Account-
ing for the individual anatomy showed by the coronary angiography, n=124 segments were

assigned to the CTO-subtended territory.

FDG-PET viability

The vast majority of the entire LV segments analyzed by PET (n=383/391; 98.0%) were
viable, as defined by an FDG uptake higher than the 50% of the reference area. In all
segments assigned to the CTO territory, the prevalence of viability was comparably high
(n=119/124, 96,0%). Those CTO-segments displaying a wall motion abnormality at base-

line (n=80), viability was slightly lower (n= 75/80, 93.8%).

MR imaging

The presence of any LGE was detectable in every patient, affecting 28.6% of the overall
segments cohort (n=112/391). However, about 90% of all segments (n =352/391) were de-
fined viable, based on a transmural LGE extent <50%. The global size of LGE within the
left ventricle at baseline averaged 9.9 + 8.7 ml, resulting in 6.3 % of the LV. CTO-subtend-
ed segments displayed a higher proportion of LGE (n=68/124, 55%), and a significant drop
in the proportion of MR viable segments (n= 96/124, 77%, p=0.0003) as compared to the
entire cohort.

Regional contractility revealed an impaired wall motion in 168/391 (43.0%) segments in
the overall cohort at baseline, whereas the CTO-subtended dysfuctional segments were

80/124 (64.5%). In those CTO-segments displaying a wall motion abnormality at baseline,
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the presence of any LGE was 70% (56/80 segments) and the number of MR viable seg-
ments further declined (n =57/80, 71 %).

Mean global LV ejection fraction (EF) was slightly reduced at baseline (54.6%z+14) but did
not significantly change after successful revascularization (58.3% +16, p=0.11). Also volu-
metric parameters as well as global LGE size did not change after revascularization be-
tween baseline and follow-up imaging (Table 2). After successful revascularization, 28% of
the initially dysfunctional segments (22/80 segments) showed significant overall improve-

ment in regional wall motion (p=0.014) (Figure 5).

n=23 Baseline Follow-Up p value
Tissue volume 133.6 + 34.1 ml 140.2 +£ 35.5 ml 0.14
EDV 150.2 £41.9 ml 146,6 + 35.2 ml 0.57
ESV 68.9 +32.2 ml 63.5 + 33.1 ml 0.22
EF 54.6 +13.8 % 58.3+16.1 % 0.11
LGE Extent (ml) 9.9+87 ml 9.7+ 10.7 ml 0,97
LGE Extent (%LV) 6.3+5.2% 6.3+55% 0.95

Table 2. Global left ventricular parameters at baseline and follow-up. Data are expressed as mean

SD.



P=0.014

Normal

[ Light hypokinesia
[ Severe hypokinesia
Bl Akinesia

I Dyskinesia

N =80

BASELINE FOLLOW-UP

Figure 5. Significant improvement of wall motion abnormality score between baseline and follow up

in the cohort of dysfunctional segments at baseline (n=80, p value =0.014).
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5.3 Comparison between PET and MR imaging

Table 3 summarizes the PET and MRI viability results for the entire and CTO segments.
Both modalities demonstrated concordant viability results in 89.5% of all segments result-
ing in a slight intermethod agreement (k = .1).

The overall agreement between FDG uptake and LGE transmurality within CTO subtended
dysfunctional segments dropped to 70%, (k = .04). In these segments, PET/MR concor-
dantly identified n=54 viable (68%) and n=2 non-viable segments (2%). However, 30% of
these segments showed a discordant viability pattern by both methods. PET viable, but
MR non-viable results were detected within n=21 segments (26%), and PET non-viable,
but MR viable in n=3 segments (4%).

Regional wall motion differed among the different PET/MR subgroups (Table 4). PET vi-
able/ MR non-viable segments revealed a significantly more impaired wall motion abnor-
mality score at baseline than segments with concordant evidence of viability by PET and
MRI (p=0.019).

While improvement of regional wall motion abnormality score between baseline and follow
up was not significant within those segments displaying a concordant viability by both PET
and MRI (Figure 6A), segments with a discordant pattern of viability (PET viable/ MR non-
viable) demonstrated a significant improvement of regional contractility (p-value = 0.033)

(Figure 6B).
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All segments

n=391 PET viable PET non viable
MR viable 347 (89%) 5 (1%) 352 (90%)
MR non viable 36 (9%) 3 (1%) 39 (10%)
383 (98%) 8 (2%)
CTO-subtended
segments PET viable PET non viable
n=124
MR viable 93 (75%) 3 (2%) 96 (77%)
MR non viable 26 (21%) 2 (2%) 28 (23%)
119 (96%) 5 (4%)
CTO-subtended
Segments with PET viable PET non viable
WMA n=80
MR viable 54 (67%) 3 (4%) 57 (71%)
MR non viable 21 (26%) 2 (3%) 23 (29%)
75 (93%) 5 (7%)

Table 3. Distribution of the whole cohort of LV segments (above), of the subcohort of CTO-subtended
segments (middle) and the subcohort of CTO-subtended dysfunctional segments (below) by the via-

bility pattern in PET-MR.
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PET viable
MR viable

PET viable
MR non-
viable

CTO-
subtended
segments
with WMA

n=80

54
(67,5%)

21
(26,25%)

Median
abnormality
score
baseline

P=0.019

36

Median
abnormality
score
follow up

non-viable subgroup and the PET viable/ MR non-viable subgroup.

p value

0.03

Table 4. Summary of wall motion abnormality scores at baseline and follow-up of the PET viable/MR



Figure 6A and 6B. Wall motion abnormality score at baseline and follow up in the PET viable/MRI vi-

able subgroup (A) and in the PET viable/MRI non viable subgroup (B).

PET VIABLE / MRI VIABLE

P=0.21

3 Normal
[ Mild to moderate hypokinesia
[ Severe hypokinesia

Bl Akinesia
Bl Dyskinesia
N =54
BASELINE FOLLOW-UP
B PET VIABLE / MRI NON VIABLE
P=0.03
f ] =3 Normal

[ Mild to moderate hypokinesia
[ Severe hypokinesia

Bl Akinesia

Il Dyskinesia

BASELINE FOLLOW-UP
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Sensitivity

04

5.4 Diagnostic value of combined PET/MR imaging

Based on the ROC analysis for the prediction of wall motion recovery of the myocardial
segments after CTO revascularization, the areas under the curve (AUC) for both imaging
modalities alone were 0.58 (SE: 0.10) for FDG-PET, and 0.66 (SE: 0.09) for LGE MR, re-
spectively (Figure 7). The combined information of PET and MR imaging together resulted
in a clear improvement of the diagnostic accuracy expressed by the increase of the AUC
achieving 0.72 (SE: 0.07) with an associated p-value p= 0.002, which was 6% superior

than LGE in MR and 13% superior than FDG PET (AUC=0.58, SE= 0.10) alone (Figure 8).

1.0
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0.8
1

0.8
1
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Figure 7. ROC curves for FGD PET (left) and MRI (right).
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Figure 8. Comparison of the ROC curve obtained from the PET/MR score with PET-FDG (left) and
LGE (right) respectively. The AUC (SE) for the PET/MR ROC curve was 0.72 (0.07), for PET-FDG 0.58
(0.10) and for LGE 0.66 (0.09).
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6. Discussion

The major finding of this study is that simultaneous hybrid PET/MR imaging predicts more
accurately regional wall motion recovery after CTO revascularization, in comparison to
PET or MR alone. Combined imaging allowed the detection of dysfunctional segments with
high ischemic burden (PET viable/ MRI non-viable) still presenting recovery potential,
which may benefit from revascularization.

Revascularization of CTO has been associated with recovery of impaired left ventricular
function and improved survival (Galassi et al. 2015, Stuijfzand et al., 2017). In presence of
wall motion abnormalities, viability imaging is recommended prior to CTO revascularization
by the 2018 ESC/EACTS guidelines in order to determine the amount of viable myocardi-
um and thus the likelihood to anticipate improvement of contractility. However, registration
of transmural myocardial viability based on dichotomous criteria may be challenging par-
ticularly within myocardium, since it may encompass various tissue conditions side by

side, including perfused or ischemic hibernation with or without myocardial shrinkage.

6.1 Comparison of PET vs. MRI for viability assessment

Several non-invasive imaging modalities have been introduced for the identification and
assessment of myocardial viability, whereby FDG-PET is currently regarded as the clinical
gold standard (Stuijfzand WJ et al., 2015). Observational evidence suggests that FDG-
PET has the greatest sensitivity in predicting global LV functional recovery following revas-
cularization, compared with other imaging modalities (Rischpler et al., 2015). On the other
hand, techniques such as cardiac MRI and stress-echocardiography may show a higher

specificity (Santos et al., 2019).
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In literature, regional FDG uptake in PET of more than 50% compared with remote my-
ocardium and a LGE transmurality in MRI of less than 50% of the ventricular wall are gen-
erally accepted markers defining viable myocardium, which have shown to have the poten-
tial to improve after revascularization (Rischpler et al, 2015). Based on these thresholds,
we obtained only a slight intermethod agreement for FDG-PET and LGE-MRI in our co-
hort. While 94% of the ischemic dysfunctional CTO-segments with wall motion abnormality
were PET viable, MR identified only 71% of these segments as viable. This discrepancy
may at least partly be explained by the intrinsically higher spatial resolution of MR imaging
compared to PET, allowing the detection of even small sections of transmural scar en-
hancement with higher sensitivity as compared to nuclear techniques, which could lead to
classification as avital in segments with borderline findings (i.e. approximately 50% trans-
murality) (Ibrahim et al. 2009). Another fundamental difference between the two methods
is that LGE MRI displays extracellular matrix expansion (i.e. avital tissue/edema), while
FDG PET maps the vital, glucose-consuming myocytes. Moreover, due to the non-speci-
ficity — from the physiological perspective - of gadolinium-based MR contrast media, the
focal increase in myocardial extracellular volume as indicated by LGE can in fact be ob-
served in various clinical pathologies including fibrosis, inflammation, edema and cardiac
storage disorders (Captur et al, 2016). Therefore, LGE alone may present limited power in
the differentiation between these tissue states which can be increased by expansion of the
MRI acquisition protocol for instance by T2-weighted imaging or perfusion sequences
(Captur et al., 2016). Since we did not perform MR-perfusion imaging, we were not able to
reliably identify hibernating myocardium, i.e. hypoperfused, dysfunctional myocardium that
is still viable and shows a very high likelihood of recovery after revascularization. Adding
perfusion to the viability study would very likely increase specificity in the identification of

segments with high likelihood of recovery after revascularization, as only this approach al-
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lows to distinguish between viable and hibernating vs. viable but not hibernating my-
ocardium (Bucciarelli-Ducci et al., 2016). Wang et al. already correlated hibernating my-
ocardium in perfusion/metabolism PET imaging with LGE extent in patients with CTO. The
study showed that not only segments with non-transmural LGE had great probability of
having hibernating tissue, but also one-third of segments with transmural scar in MRI still
showed myocardial hibernation (Wang et al., 2018).

On the contrary, FDG-PET definitely adds sensitivity in identifying small amounts of still
viable epicardial myocardium even in the presence of large myocardial scars (LGE>50%
of myocardial thickness). The subepicardial FDG activity is able to show different proper-
ties of myocardium including hibernation, stunning and normal myocardium (Wang et al,
2017).

In our cohort we found a large prevalence, about one quarter of CTO-segments (26%),
with a discordant viability pattern, mostly showing viability in PET and non-viability in MRI.
This combination allowed to identify those segments displaying a high regional wall motion
abnormality and high potential for recovery of function after CTO revascularization. In fact,
it was the only combination (PET viable/ MRI non-viable) in our cohort to show a signifi-
cant improvement of wall motion abnormality at follow-up. Hence, this particular pattern of
viability may allow the identification of highly ischemic and dysfunctional myocardium,
which could benefit substantially from revascularization. The prevalence of this combina-
tion (PET viable/ MRI non-viable) was relatively high in our patient population suffering
from chronic-ischemic, mostly multivessel coronary artery disease. Conversely, in a recent
study in patients with acute myocardial infarction and successful reperfusion, in which my-
ocardial stunning may have primarily dominated, this discordant viability pattern (PET vi-

able/ MRI non-viable) was not commonly described (Rischpler et al. 2015).
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6.2 Diagnostic value of combined PET/MR

This is the first study that sought to assess regional myocardial viability by simultaneous
PET/MR imaging in patients undergoing a CTO revascularization. Using a hybrid PET/MR
scanner with integration of both modalities allowing a truly synchronous/simultaneous ac-
quisition of complementary information such as high resolution anatomy and myocardial
metabolism in merged images (Rischpler et al., 2013). Thus, the principle to combine dif-
ferent imaging modalities in order to increase the diagnostic accuracy in predicting my-
ocardial viability and long-term improvement of regional impaired function is highly attrac-
tive. Based on the ROC-analysis, simultaneous PET/MR imaging was superior to LGE-MR
or FDG-PET alone in predicting functional recovery after revascularization of CTO. There-
fore, LGE-MR adds specificity to the investigation, outlining the segments with high burden
of ischemia and wall motion dysfunction that could potentially benefit from revasculariza-
tion.

The superiority in combining the complementary information from PET and MR has been
demonstrated already in other clinical settings, such as in the diagnosis of cardiac sar-
coidosis (Vita et al., 2018) or prostate cancer (Eiber et al, 2016), enhancing the value of
hybrid PET/MR imaging in different fields.

Although we demonstrated a higher diagnostic accuracy in detecting regional functional
improvement by simultaneous imaging of PET-FDG and MRI-LGE as compared to these
modalities alone, we did not observe significant effects on global LV parameters. An ex-
planation for this may be that the ejection fraction was only slightly impaired before revas-
cularization of the CTO and that the global extent of LGE across the left ventricle was only
6.315.2%. Similarly, recent small- to moderate-sized cardiac MR imaging studies which
evaluated CTO showed conflicting results or only minor improvements of LVEF (Pujadas

et al, 2013; Chadid et al., 2015). Larger studies are warranted to further assess whether
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revascularization of CTO based on hybrid imaging may have an impact on more estab-
lished clinical outcome measures such as LV function or even mortality and thus provide

evidence to become a meaningful approach in planning such interventions.

6.3 Limitations

This was a pilot study with a comprehensive protocol and therefore a relatively small num-
ber of patients were included, despite the involvement of three centres. Larger multicenter
studies are warranted to confirm these preliminary results. The study population finally un-
derwent hybrid PET/MRI, successful CTO-revascularization, as well as follow-up imaging,
respectively. Moreover, the global LV function at baseline in this cohort was almost normal
and thus the total amount of dysfunctional segments assigned to the CTO-territory were
moderate. Only patients with successful CTO-revascularization underwent follow-up imag-
ing, so we cannot comment on potential positive outcome measures on LV remodeling as-
sociated with CTO revascularization in comparison to patients after attempted PCI. In ad-
dition, this study did not assess the vessel patency at follow-up imaging. This may have
led to an underestimation of LVEF and wall motion recovery, given a risk of re-occlusion
after revascularization. In fact, Pujadas et al. observed an increase in EDV at 6 months
follow-up after a failed procedure, suggesting the progression of negative LV remodelling
over time in the presence of a persisting CTO. Moreover, recovery of dysfunctional my-
ocardium after revascularization is affected by a number of factors such as prolonged du-
ration of the coronary occlusion, severe LV remodeling, re-occlusion, procedure related
necrosis and does not necessarily imply an failure in the viability assessment (Shah et al.,

2013).
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Finally, in order to facilitate straightforward imaging, a MR protocol without sequences
such as perfusion imaging were applied, which could have improved the detection of my-

ocardial hibernation.
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Figure 9. Example of a patient with a CTO of the LAD. In A, MRI short axis slices show a thinned an-
teroseptal left ventricular wall with non-transmural LGE. PET/MR fused short axis acquisition are
presented in B, showing an overall PET-viable myocardium. C shows a 2-chamber view of fused PET/
MR acquisition. Enddiastolic (left) and endsystolic (right) cine sequences in 4-chamber view at base-
line (D) and at follow-up (E) show an improvement of the hypokinesia of the apex. Coronary angiog-

raphy of the CTO of the LAD before (F) and after successful revascularization (G).
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7. Conclusions

Hybrid PET/MR imaging prior to successful CTO revascularization showed a better per-
formance than PET or MRI alone in predicting regional improvement of disturbed wall mo-
tion in territories affected by CTO. The complimentary information derived from both
modalities may particularly help to identify small amounts of viable, dysfunctional and hi-
bernating epicardial myocardium within large scars, which have the potential to improve

contractility after CTO-revascularization.
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