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TITRE EN ANGLAIS

Integrin ovPs expression in Cardiovascular PET/CT Imaging: Correlation with Myocardial
Blood Flow

RESUME EN ANGLAIS

Angiogenesis, which is the creation of new microvasculature, is a natural phenomenon that can
take place in cases of prolonged tissue ischemia. It has a significant role in enhancing tissue
perfusion and blood circulation following instances like a heart attack. The research on
molecular imaging of angiogenesis in the cardiovascular system is an evolving field. This
specialized imaging aims to non-invasively observe the molecular signals connected with the
angiogenic process, such as the expression of integrin avBs. When used alongside physiological
perfusion imaging, it has the potential to forecast and assess clinical outcomes for conditions

such as ischemic heart disease.

MOTS-CLES EN ANGLAIS

Myocardial angiogenesis - integrin avf3- Molecular imaging - PET



TITRE EN FRANCAIS

Expression de l'intégrine avPs dans I'imagerie cardio-vasculaire par TEP/TDM : corrélations

avec les flux sanguins myocardiques

RESUME EN FRANCAIS

La néoangiogenéese, qui correspond a la création de nouveaux microvaisseaux, est un
phénomene naturel pouvant survenir en cas d'ischémie tissulaire prolongée. Elle joue un role
significatif dans I'amélioration de la perfusion tissulaire et de la circulation sanguine a la suite
d'incidents tels qu'une crise cardiaque. La recherche sur I'imagerie moléculaire de I'angiogenése
dans le systéeme cardiovasculaire est un domaine en développement. Cette imagerie spécialisée
vise a observer de maniere non-invasive les signaux moléculaires liés au processus
angiogénique, tels que l'expression de 1'intégrine avfB3. Lorsqu'elle est utilisée en conjonction
avec l'imagerie de la perfusion physiologique, elle a le potentiel de prédire et d'évaluer des

conséquences cliniques pour des affections telles que la maladie cardiaque ischémique.

MOTS-CLES EN FRANCAIS

Angiogenese myocardique - intégrine avPs - Imagerie moléculaire - TEP (Tomographie par
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Chapter 1

French summary



Bien que les intégrines aient été initialement identifiées comme des récepteurs
extracellulaires impliqués dans I'adhérence entre les cellules et la matrice extracellulaire, on
reconnait maintenant qu'elles ont un réle physiologique beaucoup plus large. Ces récepteurs
meédient des signaux cytosoliques qui influencent la croissance, la prolifération, la survie et les
mouvements cellulaires. Les intégrines sont impliquées a la fois dans les processus
physiologiques normaux et dans les états pathologiques, ce qui rend cette famille de récepteurs
attrayante pour le ciblage diagnostique. Les récepteurs d'intégrine jouent un réle relativement
non spécifique et étendu, car ils assument également la fonction de mécanosenseurs. Cela
implique qu'ils induisent a la fois des changements intracellulaires et extracellulaires pour
assurer la survie et I'noméostasie en fonction des stimuli physiques de la matrice extracellulaire
(1-3).

La matrice extracellulaire est une structure essentielle qui fournit la composition
adéquate pour maintenir un environnement physiologiqguement acceptable qui nourrit les
cellules et maintient I'nomeéostasie. Les forces mécaniques et les changements de
I'environnement sont communiqués entre les cellules et la matrice extracellulaire par
I'intermédiaire des récepteurs d'intégrine. Diverses cascades en aval, telles que la libération de
facteurs de croissance ou d'autres formes de signalisation, entrainent des adaptations cellulaires
telles que la prolifération, une survie accrue, la formation de fibres de stress plus épaisses et
I'angiogenése. Ainsi, les protéines membranaires d'intégrine peuvent étre régulées a la hausse
au cours de certains processus pathologiques, dont la néoangiogenése est un exemple important.
La néoangiogenése est notamment une exigence essentielle pour la croissance tumorale, car les
tumeurs ne peuvent pas dépasser une certaine taille & moins d'établir un accés accru a la

circulation sanguine (1-5).

Les techniques de médecine nucléaire comprennent la tomographie par émission de
positons (TEP) et la tomographie d'émission monophotonique (TEMP), qui marquent les
molécules avec des isotopes radioactifs (radiotraceurs ou radiopharmaceutiques) pour suivre le
déplacement de ces molécules. L'imagerie nucléaire fournit des informations fonctionnelles.
Ces techniques nucléaires peuvent étre combinées avec des technologies d'imagerie fournissant
des informations anatomiques telles que I'imagerie par résonance magnétique (IRM) ou la
tomodensitométrie (TDM). L'IRM utilise des champs magnétiques et des ondes radio pour
générer des images détaillées des organes et des structures a l'intérieur du corps. La TDM

reconstruit un grand nombre d'images en coupe de rayons X en une image tridimensionnelle de
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I'anatomie du corps. L'imagerie isotopique joue un réle essentiel dans la pathologie
cardiovasculaire, que ce soit pour le diagnostic, la prise de décision et le suivi thérapeutique,
ainsi que pour I'évaluation du prognostic. Dans les années 1970 et 1980, les caméras TEP étaient
principalement utilisées comme des outils de recherche pour mieux comprendre les
caractéristiques métaboliques du cerveau et du cceur. Cependant, c'est dans le domaine de
I'oncologie qu'elles ont véritablement pris leur essor au milieu des années 1990, devenant ainsi
un instrument incontournable pour les explorations de routine. Il est intéressant de noter que
malgré son utilisation précoce comme outil de recherche pour comprendre les particularités
métaboliques du cceur dans les années 1970 et 1980, l'intégration du TEP dans la pratique
clinique quotidienne pour cet organe a été retardée jusqu'a la fin des années 2000. Les photons
détectés par les caméras TEP sont plus énergétiques (511 keV) par rapport aux photons détectes
par les caméras de scintigraphie conventionnelle. De plus, ces photons sont émis en
coincidence, c'est-a-dire que deux photons sont émis en opposition a 180 degrés, ce qui

nécessite une géométrie de détection circulaire.

Le tripeptide arginine, glycine et acide aspartique (RGD) est un motif essentiel utilisé
lors de la communication intercellulaire en raison de sa grande affinité pour les intégrines.
Actuellement, la séquence RGD est utilisée dans des recherches translationnelles pour cibler
spécifiquement l'intégrine avPs et visualiser les phénoménes de néoangiogenése de maniére

non-invasive.

Les intégrines sont composées de deux sous-unités de glycoprotéines
transmembranaires (unités o et ) et font partie des récepteurs les plus importants qui
influencent les communications intra et extracellulaires. La méme molécule d'intégrine
démontre différentes spécificités de liaison aux ligands selon le type de cellule sur lequel elle
se trouve. Cela indique que des facteurs spécifiques a la cellule modulent I'activité de liaison
des intégrines aux ligands. Il existe trois sous-unités 3 différentes qui forment des dimeéres avec
différents types de sous-unités a. La sous-unité 1 forme des complexes avec au moins douze
sous-unités a, l'unité B2 avec quatre sous-unités a et l'unité B3 se trouve dans de nombreux
types de cellules, y compris les plaquettes sanguines et les protéines de la matrice telle que le
fibrinogene. Au total, huit intégrines ont été identifiées pour reconnaitre la séquence RGD, a
savoir ovBi, ovPs, ovPs, avBs, avPs, osPi, asPi et auPs, et ces intégrines jouent un role
prépondérant dans la pathogenese du cancer et les pathologies impliquant la matrice

extracellulaire. En particulier, avp1 et avps favorisent les facteurs de croissance, la
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différenciation des cellules souches néoplasiques et sont des facteurs pronostiques de la
chimiosensibilité chez les patients atteints de cancer (6). L’affinité de liaison de la séquence

RGD avec l'intégrine ovPs a été la plus documentée.

Non seulement les intégrines (en particulier avB3s) sont impliquées dans le
développement et la progression des tumeurs, mais elles jouent également un roéle dans
I'inflammation et le remodelage. Cependant, contrairement a la tumorigenese, ces processus
peuvent étre pathologiques ou faire partie de la réparation normale. L'intégrine ovps participe
au processus normal de régulation des réponses des macrophages pendant I'inflammation, mais
des preuves suggerent également qu'elle pourrait étre impliquée dans le maintien de la
pathologie inflammatoire chronique. Etant donné que les intégrines modulent et médiatisent
I'adhérence cellulaire, la mobilité et les interactions avec la matrice extracellulaire, ces

récepteurs sont fortement impliqués dans tous les types de remodelage tissulaire (7-11).

La pharmacocinétique d'une traceur radiomarqué est un facteur décisif pour sa capacité
a détecter des pathologies a l'intérieur du corps. L'objectif de I'application d'un radiotraceur est
défini par sa pharmacocinétique inhérente. La pharmacocinétique et la demi-vie physique de
I'isotope radioactif peut déterminer la pertinence d'une imagerie précoce (< 60 minutes) ou
d'une imagerie retardée (plusieurs heures apres l'administration). La voie et le degré d'excrétion
peuvent également avoir un impact sur l'utilisation pratique pour détecter des pathologies de
maniére non-invasive. La présence accrue d'un traceur dans certains tissus (par exemple, le
cceur, qui est le sujet principal de cette these) peut étre considérée comme préjudiciable pour
I'imagerie d'une pathologie tissulaire ciblée (par exemple, une Iésion de I'aorte), car la présence
accrue du traceur entrainera un signal de fond qui interférerait avec la distinction adéquate du
tissu d'intérét. Dans certains cas, cependant, cette distribution tissulaire et la persistance du
traceur dans le tissu peuvent étre bénefiques (par exemple, présence dans le cerveau), si le tissu
d'intérét est une zone avec des barriéres empéchant normalement une accumulation élevee. Il
est important de souligner les facteurs qui influencent le choix de I'agent d'imagerie nucléaire
pour une investigation spécifique. Le radiotraceur devrait présenter une forte affinité pour le
récepteur de I'intégrine présent dans le mécanisme spécifique de la maladie (principalement en
ce qui concerne l'intégrine avBs dans les applications pertinentes envisagées pour
I'investigation). Pour lI'imagerie TEMP, les radioisotopes indium-111 (par exemple, [111In]In-
RAFT-RGD) et technétium-99m sont les plus largement disponibles. Pour I'imagerie TEP, en

plus du fluor-18, des radiométaux tels que le cuivre-64, le zirconium-89 et le gallium-68 sont
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utilisés. Si une approche diagnostique-thérapeutique de radiothérapie alpha/béta (également
appelée théranostique) est souhaitée, des recherches ont identifié des paires de radioisotopes
théranostiques appropriées, comme le gallium-68 pour le diagnostic combiné au lutétium-177
pour la thérapie. La demi-vie étendue du zirconium-89 (78,4 heures) pourrait offrir des
avantages supplémentaires pour les applications d'imagerie in vivo qui nécessitent un temps de
balayage prolongé (en raison d'une pharmacocinétique in vivo plus lente, par exemple, pour les
macromolécules) ou si un temps de production plus long est indiqué pour le marquage

radiolabelé du vecteur.

L'utilisation du gallium-68 est répandue en raison de sa facilité d'utilisation et de la
bonne disponibilité de ce radioisotope grace a un générateur de %8Ge/%®Ga. D'autres facteurs a
prendre en compte sont le rendement radiochimique obtenu lors du marquage du traceur avec
le radioisotope spécifique de choix, ainsi que le temps de la radiosynthese (qui influence
I'exposition aux radiations). Ce radio-émetteur est celui qui a été utilisé dans les travaux de cette
these. Cette these se concentre sur I'exploration de la néo-angiogenése en utilisant une technique
d'imagerie TEP basée sur un traceur radiomarqué marqué au gallium-68, ligand des intégrines
avps : le 8Ga-NODAGA-RGD.

Le %Ga-NODAGA-RGD est un radiopharmaceutique qui se lie aux intégrines avf3
grace a son motif RGD. Il est composé d'un motif RGD similaire aux ligands des intégrines
avPBs et d'un chélateur NODAGA, qui n'a pas d'activité propre mais permet la liaison de I'isotope
radioactif 8Ga. Les études ont montré que le taux de fixation du ®8Ga-DOTA-RGD et du ®Ga-
NODAGA-RGD était similaire, voire meilleur, que celui du *8F-galacto-RGD, tout en délivrant
une dose au patient plus favorable en raison de sa demi-vie plus courte (68 minutes contre 110

minutes pour le 8F).

Les maladies cardiovasculaires restent la principale cause de déces dans le monde et
sont a elles seules responsables de 30 % des décés. Dans ce groupe, les pathologies
coronariennes occupent la place numéro un. Pour les prévenir, les diagnostiquer et les traiter, il
est essentiel d'utiliser des modalités d'imagerie non-invasives qui combinent rapidité,
adaptabilité et accessibilité, comme la TEP qui trouve de nombreuses applications
cardiovasculaires. Cette thése met en évidence l'utilisation prometteuse du 8Ga-NODAGA-
RGD en tant que traceur spécifique pour l'imagerie de la néo-angiogenése, ce qui pourrait

permettre une meilleure évaluation et un meilleur suivi des patients atteints de pathologies
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coronariennes, en particulier dans le contexte de la réparation du muscle cardiaque aprés une

Iésion ischémique.

Cette these débute par une partie d'introduction intégrant un travail de revue sur les
applications cardiovasculaires des radiotraceurs ciblant I’intégrine avps en imagerie TEP (12)
(chapitre 2).

La deuxiéme partie de cette these se concentre sur le myocarde infarcie, avec I'étude
principale portant sur l'imagerie de I'intégrine avs en imagerie TEP aprés un infarctus du

myocarde de type STEMI (chapitre 3).

Aprés un infarctus du myocarde, une série complexe et bien coordonnée de processus
est déclenchée pour initier la réparation cardiaque. Initialement, une phase pro-inflammatoire
avec une inflammation intense et une infiltration de cellules immunitaires aide a éliminer
I'infarctus des cellules mortes dans les premiers jours suivant la reperfusion. Cette phase est
suivie d'une phase réparatrice et proliférative, qui comprend la résolution de I'inflammation, la
prolifération des fibroblastes cardiaques, la formation de cicatrices et la néovascularisation au
cours des jours suivants, avec un pic autour du septieme jour apres l'infarctus du myocarde. La
néoangiogenese est considérée comme une partie importante de ce processus de réparation
(13,14). On sait depuis des décennies que l'intégrine ovBs joue un role majeur dans la
néoangiogenese, et elle est notamment surexprimée dans les états de néoangiogenese dans le
myocarde apres une lésion (15-18). De plus, des études précliniques et cliniques ont révélé que
les fibroblastes cardiaques et les macrophages activés expriment l'intégrine avps lors de la
chimiotaxie et de la margination (19-20). Cette expression de l'intégrine avfs pourrait étre
bénéfique pour favoriser la cicatrisation cardiaque et la réparation apres un infarctus du
myocarde (20). Le peptide RGD (H-Arg-Gly-Asp-NH2 ; arginine-glycine-aspartic acid)
conjugué a NODAGA (1,4,7-triazacyclononane-1,4-bis[acetic acid]-7-[2-glutaric acid])
marqué au %8Ga est un traceur de TEP avec une forte affinité de liaison a l'intégrine avfa. Le
rubidium-82 (82Rb) est un traceur de perfusion TEP largement utilisé en pratique clinique, qui
peut mesurer avec précision la perfusion myocardigue au repos et sous stress en unités absolues
(21). Nous avons émis I'hypothése que la captation myocardique du ®Ga-NODAGA-RGD est
augmentée pendant le pic présumé de la phase proliférative apres un infarctus aigu du myocarde
avec élévation du segment ST (STEMI) et réduite au cours des phases ultérieures de la guérison

de l'infarctus. Dans cette étude sur des survivants d'un infarctus aigu de type STEMI, nous
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avons cherché a évaluer 1'expression basale de 1'intégrine avBs dans le myocarde entre 4 et 10
jours apres l'infarctus du myocarde, ainsi que les variations temporelles a 1 mois et 3 mois, en
corrélation avec les flux sanguins myocardiques de repos et sous stress.

Cette étude a été approuveée par la Commission d'éthique du canton de Vaud (protocole
CER-VD # 429/14) et enregistrée sur Clinical-Trials.gov (NCT03809689). Tous les
participants ont donné leur consentement éclairé par écrit. Nous avons recruté prospectivement
20 survivants d'un infarctus du myocarde de type STEMI et les avons invités a passer une TEP-
TDM 8Rb au repos et sous stress pharmacologique, ainsi qu'une TEP/TDM au ®Ga-
NODAGA-RGD entre 4 et 10 jours apres l'infarctus du myocarde. Les participants ont ensuite
été invités a revenir pour une deuxiéme série de TEP-TDM au #Rb et au ®¥Ga-NODAGA-RGD
au repos et sous stress a 1 mois apres l'infarctus du myocarde et enfin pour une troisieme seérie
a 3 mois.

Le chapitre 4 porte quant a lui sur une étude réalisée dans le centre de Turku en Finlande,
évaluant le débit sanguin myocardique et la captation du 8Ga-NODAGA-RGD en TEP chez
31 patients, 7,7 £ 3,8 jours apres une intervention coronaire percutanée primaire pour un
infarctus du myocarde de type STEMI. Une échocardiographie transthoracique a été réalisée le
jour de la TEP et lors du suivi a 6 mois. L'objectif de cette étude était d'évaluer de maniéere
prospective les facteurs déterminants de la captation myocardique du ®Ga-NODAGA-RGD et
son lien avec la fonction ventriculaire gauche chez les patients aprés un infarctus du myocarde.
Cette approche s'avere complémentaire a I'étude principale de ce manuscrit (chapitre 3), qui se
concentre principalement sur I'évolution naturelle du signal #Ga-NODAGA-RGD dans le

myocarde apreés un infarctus du myocarde.

La troisiéme partie de cette thése porte sur I'imagerie de l'intégrine avps en imagerie
TEP dans I’athérosclérose. Les stratégies d’explorations restent actuellement basées sur une
dualité entre anatomie (visualisation de la lésion avec le coroscanner) et fonctionnalité (le
retentissement fonctionnel de la lésion : ischémie, réserve coronaire). Ce paradigme a ses
limites. Notamment, il a été démontré que plus de la moitié des infarctus surviennent sur des
plaques non sténosantes. Il est logique de s’intéresser a une troisiéme voie, le repérage des
plaques instables. L’avénement des nouvelles TEP digitales couplées a des scanners haut de
gamme permet désormais de coupler I’anatomie et 1’étude de la vulnérabilité de la plaque par
des mécanismes directs ou indirects tragcant I’activité de 1’athérosclérose. A 1’heure actuelle, le
traceur le plus documenté est le fluorure de sodium marqué au *8F (*8F-Na), qui se fixe sur les

microcalcifications secondaires aux modifications inflammatoires de la plaque et de la matrice
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extracellulaire (22). Commercialement disponible, il bénéficie d’une absence de fixation
physiologique du myocarde et donc d’un excellent rapport signal/bruit. Cette hyperfixation sur
les microcalcifications actives pourrait étre diminuée par un traitement médical préventif, ce
qui ouvre la porte a utiliser le 3F-Na comme marqueur d’évaluation thérapeutique (23).

La possibilité de détecter la plaque instable pourrait permettre de fournir de nouvelles
connaissances pathologiques et permettre I'évaluation de nouvelles cibles pour de futures
approches diagnostiques et thérapeutiques.

La présence accrue de I’intégrine ovBs indique un athérome instable (susceptible de se
détacher) et par conséquent un risque plus élevé de complications. La principale conséquence
de ces changements pathologiques est I'augmentation de la néo-angiogenese et I'accumulation
de macrophages (positifs pour l'intégrine ovps) (24—28). Des agents basés sur le peptide RGD,
tant en SPECT qu'en TEP, ont été utilisés pour l'identification de I'athérome instable en ciblant
l'expression des intégrines avfs et avPs. La plupart des traceurs étaient sélectifs pour avfs, mais
le radiotraceur ®¥Ga-DOTA-RGD se liait a la fois a avps et avps, ce qui pourrait permettre une
surveillance plus étendue de la maladie en fonction des mécanismes sous-jacents. En utilisant
des souris recombinantes LDLR—/—ApoB100/100, I'autoradiographie a démontré la liaison de
ces traceurs aux intégrines, montrant des perspectives prometteuses pour des applications
futures visant a mesurer I'état inflammatoire de I'athérome. De son coté, le 8F-RGD-K5 est
hautement sélectif pour avfB3 uniquement. Il présente également une élimination rapide et une

toxicité moindre.

Jusqu'a present et avant le travail de cette these, seuls le ®Ga-NOTA-RGD et 8F-
galacto-RGD ont été évalués chez I'nhomme pour I'imagerie des lésions athéroscléreuses. Malgré
les bons résultats des découvertes existantes, il est important de souligner que les études
d'imagerie publiées étaient limitées a de petites populations de patients, a savoir (i) une étude
portant sur dix patients pour *®F-galacto-RGD TEP-TDM et (ii) deux études ex vivo. A noter
qu’étant donné que la taille des lésions athéroscléreuses est considérablement plus petite que
celle des tumeurs, il y a un débat sur la faisabilité de ces traceurs pour détecter la plaque
athéroscléreuse en raison des limites de résolution spatiale des caméras TEP disponibles (29—
32).

Nous présentons ici une étude retrospective portant sur I’analyse du signal %8Ga-
NODAGA-RGD dans la paroi artérielle des gros vaisseux dans une cohorte de 44 patients

oncologiques (chapitre 5) (33). Le chapitre 6 présente une étude annexe qui explore une
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approche théranostique potentielle dans le domaine de I'athérosclérose (34). Cette approche
repose sur l'utilisation d'une méme molécule pour le diagnostic et la thérapie ultérieure, en
changeant seulement I'isotope associé. A titre d'illustration, cette étude s'appuie sur une cohorte
de 19 patients ayant montré des signes de régression de I'inflammation coronarienne aprés une
thérapie ciblée des récepteurs peptidiques par radionucléides (PRRT). La thérapie ciblait
specifiqguement le sous-type de récepteur de la somatostatine-2 (SST2) avec le Lutétium-177
DOTA-0-Tyr3-Octréotate (*''Lu-DOTATATE).

La quatriéme section de cette these se focalise sur la TEP au rubidium, un examen qui
joue un rdle essentiel dans I'é¢tude principale concernant l'imagerie de l'intégrine avfs en TEP
apres un infarctus du myocarde de type STEMI. La réserve coronaire est la capacité du réseau
coronaire & augmenter son débit afin de couvrir une augmentation potentielle de la
consommation myocardique d’oxygene. Elle est étudiée au moyen d’un test pharmacologique
vasodilatateur (adénosine, dipyridamole, regadénoson). Les vasodilatateurs, en diminuant les
résistances artériolaires, induisent une augmentation du débit coronaire pouvant aller jusqu’a
400-500 % chez le sujet normal. L’augmentation insuffisante du débit coronaire voire la
diminution du débit en aval d’une sténose, apparait alors par contraste sous la forme d’une
hypoperfusion du territoire concerné par opposition aux territoires normaux, qui, eux,
augmentent cette perfusion. L’étude de la perfusion myocardique par TEP peut se faire de
maniere quantitative par I’estimation du débit sanguin myocardique en mL/min/g au stress et
au repos, permettant de déduire la réserve de flux myocardique qui se définit par le ratio des
débits sanguins myocardiques de stress et de repos. Cette quantification a des intéréts
diagnostique et pronostique, avec des performances accrues par rapport aux analyses semi-
quantitatives (35).

Le chapitre 7 présente une étude prospective sur la valeur pronostique des parametres
quantitatifs en TEP au Rubidium (36). Cette étude inclut le parametre régional de la capacité
de perfusion myocardique, qui est un indice quantitatif combinant la réserve de perfusion
myocardique et les flux de stress pour chaque pixel du myocarde. Cette analyse est réalisée en
utilisant la nouvelle technologie des photomultiplicateurs au silicium (SiPM) avec des doses
réduites de radiotraceur, permettant de délivrer moins d'1 mSv pour un patient de 70 kg pour la

totalité de I'examen (repos, stress et scanner de repérage).

21



Dans une optique de recherche innovante, le chapitre 8 explore l'utilisation de
I'Intelligence Artificielle (1A) pour étudier la perfusion myocardique en TEP au Rubidium dans
le but de prédire les événements cardiaques majeurs indésirables (MACE). Un processus
général de validation des modeéles d'1A a été employé pour évaluer et comparer les
performances des modeles globaux, segmentaires, radiomiques et des Réseaux de Neurones
Convolutifs (CNN) exploitant différentes caractéristiques de la perfusion myocardique, en

utilisant un ensemble de données comprenant 234 patients.

Les maladies des petits vaisseaux (SVD) jouent un réle crucial dans I'ischémie cardiaque
et cérébrale, mais peu d'informations sont disponibles sur les éventuelles interrelations entre les
deux. Le chapitre 8 présente une etude d'évaluation de I'interrelation entre les SVD cardiaques
et cérébrales en utilisant la TEP au Rubidium-82 pour le ceeur et I'IRM pour le cerveau. Nous
avons évalué rétrospectivement 370 patients, dont 38 présentaient une SVD cardiaque pure et
176 avaient une perfusion myocardigue normale. Tous ont subi a la fois une TEP cardiaque au
Rubidium-82 et une IRM cérébrale a 1,5T ou 3T. Le débit sanguin myocardique du ventricule
gauche (LV-MBF) et la réserve de débit (LV-MFR) ont été enregistrés a partir de la TEP au
Rubidium-82, tandis que le score de Fazekas, le volume des Iésions de la substance blanche
(WMab), le volume des lésions de la substance grise profonde (GMab) et la morphométrie
cérébrale a l'aide du logiciel prototype MorphoBox ont été dérivés de I'lRM. Les groupes ont
été comparés avec le test de Kruskal-Wallis, et le coefficient de corrélation de Pearson a été
utilisé pour évaluer les éventuelles interrelations entre les marqueurs de SVD cardiaques et
cérébraux. Toujours dans 1’é¢tude de la perfusion myocardique en TEP-TDM, le chapitre 9 se
concentre quant a lui sur une étude de la dosimétrie pédiatrique de la TEP-TDM au #Rb. Nous
fournissons ici des données originales prospectivement incluses de dosimétrie chez les enfants,
confirmant sa sécurité et recommandant son inclusion dans la carte de dosage pédiatrique de
I'association européenne de meédecine nucléaire. Enfin, le chapitre 10 de cette partie se
concentre sur l'utilisation de I'Intelligence Artificielle pour prédire les événements cardiaques
majeurs en se basant sur des images de la perfusion myocardique. Il a été développé un pipeline
d'évaluation des modéles d'Intelligence Artificielle, demontrant que les modéles régionaux
d'Intelligence Artificielle surpassent significativement le modéle global traditionnel dans la
prédiction d’événements cardiaques majeurs, avec un modéle de Réseau de Neurones
Convolutifs obtenant le meilleur résultat. Notre étude montre que des modeles d'Intelligence
Artificielle offrent un potentiel prometteur pour améliorer I'évaluation personnalisée du risque

d’événements cardiaques majeurs liés aux maladies cardiovasculaires.
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Enfin, la cinquieme partie de la these se concentre sur des études annexes visant a
documenter la recherche (37, 38). Le chapitre 11 présente une étude comparant la TEP au %Ga-
NODAGA-RGD a la TEP au ®F-FDG chez des patients atteints de cancers de 1'cesophage ou
de la jonction cesogastrique. Dans le chapitre 12, une comparaison similaire est effectuée dans
le contexte de la polyarthrite rhumatoide. Cette derniére partie ouvre de nombreuses

perspectives et voies de recherche dans ce domaine.

Cette these a été réalisée au sein du service de médecine nucléaire du CHUV (Centre
Hospitalier Universitaire Vaudois) a Lausanne, dans le cadre d'un projet coordonné par le co-
directeur de these, le Professeur John Prior. Le travail a été effectué en collaboration avec
I'Hopital Cardiologique de Lyon et le laboratoire de recherche CARMEN de I'Université Lyon
1, sous la direction du Professeur Nathan Mewton, directeur de thése. Des collaborations
scientifiques ont également eu lieu avec I'Université de Turku en Finlande, en collaboration

avec les Professeurs Antti Saraste et Johanni Knuuti.
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Abstract

Studies using arginine—glycine—aspartate (RGD)-PET agents in cardiovascular diseases
have been recently published. The aim of this systematic review was to perform an updated,
evidence-based summary about the role of RGD-based PET agents in patients with
cardiovascular diseases to better address future research in this setting. Original articles within
the field of interest reporting the role of RGD-based PET agents in patients with cardiovascular
diseases were eligible for inclusion in this systematic review. A systematic literature search of
PubMed/MEDLINE and Cochrane library databases was performed until October 26, 2021.
Literature shows an increasing role of RGD-based PET agents in patients with cardiovascular
diseases. Overall, two main topics emerged: the infarcted myocardium and atherosclerosis. The
existing studies support that avps integrin expression in the infarcted myocardium is well
evident in RGD PET/CT scans. RGD-based PET radiotracers accumulate at the site of
infarction as early as 3 days and seem to be peaking at 1-3 weeks post myocardial infarction
before decreasing, but only 1 study assessed serial changes of myocardial RGD-based PET
uptake after ischemic events. RGD-based PET uptake in large vessels showed correlation with
CT plaque burden, and increased signal was found in patients with prior cardiovascular events.
In human atherosclerotic carotid plaques, increased PET signal was observed in stenotic
compared with non-stenotic areas based on MR or CT angiography data. Histopathological
analysis found a co-localization between tracer accumulation and areas of avBs expression.
Promising applications using RGD-based PET agents are emerging, such as prediction of
remodeling processes in the infarcted myocardium or detection of active atherosclerosis, with

potentially significant clinical impact.

30



Introduction

Ischemic heart disease is the leading cause of death worldwide (1). Understanding cellular
alterations involved in atherosclerotic plaque instability, as well as reparative mechanisms
following myocardial infarction (MI) is important for both preventive and therapeutic
intervention.

Positron emission tomography (PET) is an in vivo medical imaging technique that enables
quantification of radiotracer uptake in the entire body at a cellular level.

Integrin a3 is a transmembrane receptor mediating cell adhesion that influences cell growth,
proliferation, survival, and migration. The peptide motif arginine—glycine—aspartate,
abbreviated by “RGD” in the one-letter code, has been identified in 1984 as a minimal amino
acid sequence that some integrins recognize in their natural ligands (2). In 1991 a group from
Germany reported a strong and selective binding of cyclic pentapeptides containing the RGD
sequence to avfBs integrin (3). The past 20 years have witnessed a remarkable expansion on
cyclic peptides containing the RGD sequence since it was found that avpsintegrin plays a major
role in angiogenesis, further enhanced by the first successful clinical applications of the PET
radiopharmaceutical 8F-Galacto-RGD (4-8).

The integrin-mediated cell adhesion/migration imaging with RGD PET was found to be
involved in a wide range of pathophysiological processes, not only related to angiogenesis.
Increased avfBs expression has been observed in some cancer cells as well as in cells involved
in extracellular matrix remodeling such as fibroblasts and activated macrophages (8-9).
However, the clinical relevance of such biomarker is not well understood (8). Although most
studies using RGD-PET agents focused predominantly on tumorigenesis, a greater focus on
non-oncological applications such as cardiovascular diseases is of interest (9). In fact, in the
development of atherosclerosis, expression of integrin avBs has been found in endothelial cells
as well as in CD68-positive macrophages, which are known as key factors in plaque instability
(10-12). Moreover, ovPs integrin expression seems to appear central to the coordination of
myocardial repair following MI. avBs integrin is indeed upregulated in states of angiogenesis
within the infarcted myocardium and could be expressed by activated myofibroblasts and
macrophages during margination and chemotaxis (13-14).

Some recent studies using RGD-PET agents in cardiovascular diseases have been published.
The aim of this systematic review is to perform an updated evidence-based summary about the
role of RGD-based PET agents in patients with cardiovascular diseases to better address further

research in this setting.
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Methods

The reporting of this systematic review conforms to the updated “Preferred Reporting Items
for a Systematic Review and Meta-Analysis” (PRISMA) statement, an established guidance to
identify, select, appraise, and synthesize studies in systematic reviews (15).

Search strategy

A comprehensive computer literature search of PubMed/MEDLINE, and Cochrane library
databases was performed by two authors (MD and GT) to identify published articles that
investigated the role of RGD-based PET agents in patients with cardiovascular diseases. A
combination of the following terms was used for the search algorithm: ((integrin) OR
(angiogenesis) OR (RGD) OR (NODAGA)) AND ((PET) OR (positron)) AND ((myocard*)
OR (cardi*) OR (heart) OR (cardiovascular) OR (CAD)). The search was carried out from
inception to October 26, 2021. To expand the search, references of the retrieved articles were
also screened for additional studies.

Study selection

Original articles within the field of interest reporting the role of RGD-based PET agents in
patients with cardiovascular diseases were eligible for inclusion. The exclusion criteria were
as follow: (a) original preclinical studies in the field of interest (b) articles outside of the field
of interest of this review; (c) case reports and small case series (less than 5 patients); (d) review
articles, comments, letters, editorials, and conference proceedings. No language or date
restrictions were used. The titles and abstracts of the recovered articles were reviewed
independently by two researchers (MD and GT) according to the inclusion and exclusion
criteria. Articles which appeared evidently ineligible according to these eligibility criteria were
rejected. The full-length version of the remaining articles was independently reviewed by two
researchers (MD and GT) to evaluate their eligibility for inclusion. Any disagreements over
articles eligibility were resolved by consensus.

Quiality assessment

The quality assessment was performed according to the NIH Quality assessment tool for

Observational Cohort and Cross-Sectional Studies (https://www.nhlbi.nih.gov/health-

topics/study-guality-assessment-tools).
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Results

Literature Search

The review question was the role of RGD-based PET agents in patients with cardiovascular

diseases. The literature search results using a systematic approach are reported in Figure 1. The

comprehensive computer literature search from PubMed/MEDLINE and Cochrane library

database revealed 325 records. Reviewing titles and abstracts, 319 records were excluded: 253

because they were not in the field of interest of this review; 34 reviews, editorials, letters, or

comments; 31 preclinical studies, and 1 case report. Six articles were selected and retrieved in

full-text version. One additional study was found screening the references of the selected

articles. Finally, 7 articles (198 patients) including data on the role of RGD-based PET agents

in patients with cardiovascular diseases were included in the systematic review (16-22). The

characteristics of the studies selected for the systematic review are presented in Tables 1-5.
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31 original preclinical studies in the
field of interest
253 as not in the field of interest
34 as reviews/editorials/letters

1 as case reports or small case
series

Full-text articles included after
screening references

(n=1)

FIGURE 1 | Flowchart of the literature search.

Qualitative Synthesis (Systematic Review)
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Basic Study and Patient Characteristics

Through the comprehensive computer literature search, 7 full-text articles including data on
the role of RGD-based PET agents in patients with cardiovascular diseases were selected
(Table 1) (16-22). All the selected articles were published in the last nine years. Korea, the
United Kingdom, China, Germany, and Switzerland were represented. All the studies were
monocentric, 86% were prospective and 14% were retrospective. 2 out of the 7 studies (29%)
focused only on the infarcted myocardium, one study focused on the infarcted myocardium
and stroke (14%), one study focused only on stroke (14%), and the remaining 3 studies (43%)
focused on atherosclerosis. Included patients had high rates of cardiovascular diseases: 130 out
of the 198 patients (66%) had previous MI or stroke or were scheduled for carotid
endarterectomy. The number of patients performing PET with RGD-based PET agents in
cardiovascular studies ranged from 10 to 46. The mean age of the included patients ranged
from 6.1 to 68.5 years; the female percentage was variable from 0% to 50%.

The quality of all the selected studies is judged as moderate according to the NIH quality
assessment tools.

Technical Aspects

The included studies had heterogeneous technical aspects (Table 2). Five different radiotracers
were used, the most frequent being 8F-Galacto-RGD and ‘8F-fluciclatide. The hybrid imaging
modality was PET/CT for all the studies (no PET/MR study recorded). The
radiopharmaceutical injected activity varied among the included studies (Table 2). The mean
time interval between radiotracer injection and image acquisition varied among the included
studies, from 20 to 120 minutes. Fasting was not requested before radiolabelled RGD-based
injection. The PET image analysis was performed by using qualitative (visual) analysis and
additional semi-quantitative analysis through the calculation of standardized uptake values
(SUV) in most studies (6 out of the 7 studies: 86%). All reported values were corrected for
mean radiotracer activities in the normal myocardium, and/or the normal brain, the blood, the
liver, the most frequent being the blood pool activity.

Main findings for studies focused on the infarcted myocardium

29 out of the 56 (52%) MI patients in studies focused on the infarcted myocardium had ST-
elevation M1 (STEMI), 6 out of the 56 (11%) MI patients had non-ST-elevation Ml (NSTEMI),
and this information was not available in the 21 remaining patients (38%). The main outcome
measurements of RGD-based tracer accumulation in the infarcted myocardium are listed in
Table 3 and include correlation between RGD uptake and MI size, characterization of RGD

uptake pattern, histological correlates, and the temporal expression of RGD uptake. The time

34



interval between MI and RGD-based PET/CT varied from 3 days to 2 years, most patients
undergoing RGD-based PET/CT within 3 months after the MI attack. Importantly, 63 out of
the 73 RGD-based PET acquisitions (86%) displayed positive radiotracer uptake in the
infarcted zones. Other modalities used to outline the infarcted zones were **™Tc-MIBI, cardiac
MRI and [*3N]NH3 PET.

The MI size was determined by *®Tc-MIBI cardiac perfusion imaging (measurements of the
maximum diameters of the infarcted regions), cardiac MRI (measurements in g/m?) or
[*3NINH3 perfusion PET (% of left ventricle). 2 out of the 3 studies found correlation between
RGD uptake and MI size but the remaining third study did not find any correlation.
Concerning the correlation between perfusion and RGD uptake, Makowski et al. found a per-
segment negative correlation between tracer uptake of [*®F]Galacto-RGD and blood flow, as
measured by [**NJNH3 (20). Interestingly, Sun et al. found ®Ga-PRGD2 uptake to be located
at or immediately around the area of infarction outlined by matched *™Tc-MIBI perfusion
images and '8F-FDG metabolism images (16). This finding supports a potential increased avf3
expression also in non-viable tissue, as defined by regional reductions in 8F-FDG uptake in
proportion to regional reductions in myocardial perfusion.

Only 1 out of the 3 studies reported histopathological analysis in an exploratory analysis for
two patients, finding positive staining for avfBs integrin, largely in regions that co-localized to
vascular endothelial cells. Lower numbers of CD68-positive inflammatory cells and smooth
muscle actin-positive myofibroblasts co-registered also with avps integrin expression were
found in their exploratory analysis (18). One out of the 3 studies studied the temporal
expression of the RGD uptake using serial assessments, with 17 out of the 21 patients agreeing
to return for a second RGD PET/CT 76£19 days post-MI and found a reduced RGD uptake
intensity as compared with earlier imaging 14+7 days post-MI (18).

The study from Jenkins et al was also the only study that assessed the correlation between RGD
uptake and functional recovery. Interestingly, they found an association between increased owf33
expression and improvement of wall motion (18).

A representative example of RGD PET/CT imaging in the infarcted myocardium is illustrated

in Figure 2.
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Main findings for studies focused on atherosclerosis

The arterial segments assessed were internal and common carotid arteries, ascending aorta,
aortic arch, descending aorta, abdominal aorta, and iliac arteries. One study focused only on
internal and common carotid arteries and another study focused only on thoracic aorta for in
vivo imaging (17, 19). No study assessed the coronary arteries. The main outcome
measurements of RGD-based tracer accumulation in atherosclerosis are listed in Table 4 and
include clinical, morphological, and histological correlates. The median intensity of tracer
uptake as determined by TBR measurements ranged from 1.31 (IQR 1.62-2.04) to 1.84 (IQR
1.62-2.04), but these data were available only in 2 out of 3 studies (19, 21). Only one study
included a binary visual analysis and found a positive signal in carotid plaques on PET using
68Ga-NOTA-PRGD?2 in only half of the patients (5 out of 10 patients) (17).

Two studies focused on clinical correlates and found correlation with prior cardiovascular or
cerebrovascular events as well as with history of hypercholesterolemia (19, 21).
Morphological imaging was included in all studies. Two studies focused on CT plaque burden
in large vessels and found correlation with CT calcium scoring and/or the indexed plaque
volume (19, 21). One study included further exploration using ultrasound and MR angiography
and found a higher tracer accumulation in areas of the carotids with medium- or high-grade
stenosis compared with areas with none/low-grade stenosis (17).

Finally, 2 out of the 3 studies reported histopathological analysis and found a co-localization
between tracer accumulation and areas of avfs expression (17, 19).

A representative example of RGD PET/CT imaging in atherosclerosis is illustrated in Figure
3.
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Main findings for studies focused on stroke

The stroke symptoms were described as hemiplegia, hemidysesthesia and/or hemianopsia in
the 16 stroke patients included in the study from Sun et al. (16) and were not described in the
10 stroke patients included in the study from Choi et al. (22). The main outcome measures
about the RGD-based tracer accumulation in cerebral infarct are listed in Table 5 and include
correlation between RGD uptake and stroke size, characterization of RGD uptake pattern, and
the temporal expression of RGD. The time interval between the event and RGD-based PET/CT
varied from 1 day to 4 years, with most patients within 1 month after the cerebral attack. On a
per-lesion analysis, 16 out of the 33 cerebral infarct zones (48%) displayed positive radiotracer
uptake. 17 out of the 33 cerebral infarct zones (52%) were negative. Other modalities used to
determine the infarct zones were ®™Tc-HMPAO, brain MRI and '8F-FDG PET/CT. Only one
study studied the correlation between RGD uptake and stroke size, measured over the CT
images by referring to the F-FDG images (16). They found a positive correlation between
RGD uptake and infarct size in a limited number of patients (n=10) scanned 13—-26 days after
the event (Table 5). However, the authors pointed out two patients scanned 4 days after the
event with mildly elevated RGD uptake despite relatively large low-density stroke regions on
CT (SUVpeak = 0.15 and 0.16, maximum diameters 69.8 and 101.3 mm, respectively). No other
data about the correlation between RGD uptake and stroke size was reported. This same study
described the uptake pattern as a punctate multifocal form, mainly along the surrounding blood
vessels (16). These authors also assessed the temporal expression of the RGD uptake using
serial assessments with repeated scans at 3 months post event, but with a very limited number
of patients (n=2). They found a reduced intensity (n=1) or disappearance (n=1) on second
PET/CT scans.
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FIGURE 2 | A 44-year-old male presented with chest pain in the emergency room. The initial ECG displayed sinus-rhythm with ST elevation in inferior derivations. The
laboratory results showed severely elevated cardiac troponin (up to 7,220 ng/l). Percutaneous coronary intervention with stenting of the completely occluded proximal
left circumflex artery was performed without complications. A afs-targeting PET agent (“BGa-Nodaga-RGD) was used to assess integrin expression 9 days after the
event. Focal tracer retention was localized in the basal and mid inferolateral segments (arrows; A). PET/CT examination using Rubidium-82 revealed a severely
reduced myocardial blood flow in the same basal and mid inferolateral segments (arrows; B).

Discussion

Since the first successful clinical applications of an RGD PET radiopharmaceutical two
decades ago, all the final eligible articles included in this review (n=7) were published in the
last 9 years, reflecting a recent growing interest in RGD PET/CT imaging focused on
cardiovascular diseases (16-22). These studies varied in size and methodology. Two main
topics can be distinguished: the infarcted myocardium and atherosclerosis. Stroke is a third
topic that can be distinguished, but slightly less studied. All studies had a relatively clearly
stated, clinically relevant, and patient-related purpose. Longitudinal studies that tell more about
the natural history of avps expression in cardiovascular diseases using PET imaging were in
very short supply. Interventional studies or randomized controlled trials have not been
conducted so far. Due to this diversity, our systematic review could not provide an answer to a
particular scientific question; we were left to summarize the main information about RGD PET
in cardiovascular diseases that the literature had provided until now and point to some major
issues that remain unanswered.

Infarcted myocardium and a\ff3 integrin expression

Ventricular remodeling defines the changes that occur in structure, geometry, and function of
the myocardium after MI. This biological process involves inflammation, angiogenesis, repair,
and healing with specific biochemical and structural alterations in the infarcted myocardium,
peri infarcted and remote regions. Several cell populations are involved, such as neutrophils,
monocytes/macrophages, fibroblasts, T cells, stem cells, etc (23, 24). Understanding reparative

mechanisms following MI is becoming increasingly important. In some circumstances,
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FIGURE 3 | PET/CT (A-C), PET (D-F), and CT (G~l) images showing a focus of ¥8Ga-NODAGA-RGD arterial uptake (asterisks), in the periphery of a calcified
atherosclerotic lesion (red arrows), in the wall of the abdominal aorta of a 63-year-old man who had a myocardial infarction with ST elevation 3 months before PET
imaging. The risk factors of the patient were resumed to current tobacco use and family history of early coronary artery disease. At the time of the PET imaging the
patient was treated with high intensity statin therapy, aspirin, ticagrelor, beta-blockers and an angiotensin-converting enzyme inhibitor, and was advised to adopt a
healthy diet and to engage in regular physical activity.

maladaptive persistent processes may be detrimental. This may encourage remodeling and
scarring to extend into the myocardium long after the initial causative injury, leading to
progressive ventricular dilatation, ventricular dysfunction, and heart failure (25, 26).

The expression of avfs integrin following MI, using PET imaging technique, could be of great
interest. In contrast to a low level of expression by quiescent endothelial cells, avps integrin
was found to be upregulated in state of angiogenesis within the myocardium after infarction in
preclinical studies in rats (14, 27). avPs integrin expression was also documented by both

activated cardiac myofibroblasts and macrophages during margination and chemotaxis. Thus,
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avPs integrin expression could play a central role in the coordination of the repair processes
following MI.

Prevalence and natural history of RGD PET uptake in the infarcted myocardium, and future
potential directions

46 out of the 56 (90%) MI patients in PET studies focused on the infarcted myocardium
presented RGD uptake in the infarcted area, demonstrating that avfBs integrin expression in the
infarcted myocardium is well evident in RGD PET/CT scans.

In human studies of acute MI, RGD-based PET radiotracers accumulate at the site of infarction
as early as 3 days and seem to be peaking at 1-3 weeks post-MI before being decreasing (16,
18). However, only one study assessed serial changes of myocardial RGD uptake after
ischemic intervention (18). Moreover, the timepoint of the second ®F-fluciclatide PET/CT
after Ml in this single study was particularly variable (76+19 days). Changes of myocardial
RGD PET uptake in humans after coronary occlusion and reperfusion is still to be precisely
determined. Serial changes of myocardial RGD PET uptake are studied in more detail in an
ongoing prospective study (ClinicalTrial.gov NCT03809689).

Vessel damage with ischemic insult is expected to occur during the first days after M1 (28, 29),
which could lead to unspecific tracer diffusion in damaged leaky vessels. Here, the peak of
tracer accumulation at 1-3 weeks post-Ml is in favour of minimal effects of this unspecific
tracer diffusion in damaged leaky vessels. Myocardial uptake post M1 using RGD PET/CT may
thus be predominantly due to integrin expression rather than unspecific leakage. However, no
imaging was performed at day 1 in the different studies.

An interesting finding in both studies from Sun et al. (16) and Jenkins et al. (18) was the
absence of increase in RGD uptake in chronically damaged myocardium, indicating minimal
residual avPs integrin expression in old ischemic injuries. Therefore, avBs integrin expression
seems rather to act as a marker of cardiac repair at sites of recent Ml (16, 18).

Despite those promising results further prospective studies are nevertheless warranted to
confirm a clinical value of RGD PET uptake as a prognostic marker for left ventricular
remodeling. Moreover, some findings support increased avBs expression also in non-viable
tissue, which could be explain by a linking to the myofibroblasts (16, 30). Studies assessing
the prognostic value of RGD PET uptake in the infarcted myocardium are still needed.
Atherosclerosis and avf3 integrin expression

The ability to accurately and non-invasively monitor inflammatory processes in atherosclerotic
plaques would represent a major advance, and metabolic imaging using PET has the potential

to fulfill this important unmet clinical need. Integrin avBs has been widely studied in
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atherosclerosis. In the development of atherosclerosis, expression of integrin ovfs has been
found in endothelial cells as well as in CD68-positive macrophages, and both inflammation
and angiogenesis processes are associated with plaque growth, plaque instability and clinical
events (10-12). The necrotic core in the culprit plaque results from increasing inflammation
(31). Pro-atherogenic stimuli lead to an infiltration of activated monocytes within the intima,
which differentiate into pro-inflammatory macrophages (32). The apoptosis of the resident pro-
inflammatory macrophages leads to the development of a lipid-rich or necrotic core (31).
Matrix metalloproteinases secreted by macrophages weaken the fibrous cap, predisposing it to
rupture. Angiogenesis is believed to occur in response to hypoxic conditions within the necrotic
core. Neovessels, arising from the adventitial vasa vasorum, grow into the base of progressive
atherosclerotic lesions and provide an alternative entry pathway for monocytes and immune
cells. The plague neovessels are fragile and leaky, giving rise to local extravasation of plasma
proteins and erythrocytes (33). Plaque hemorrhage itself results in a pro-inflammatory
response, plaque destabilization and clinical events (11, 34).

Attractive promising results of RGD-based PET agents in atherosclerosis

Overall, although the numbers are limited, the existing studies support the potential of RGD-
based PET imaging of avfz integrin expression in atherosclerosis. 8F-fluciclatide PET/CT has
proven itself as a potential valuable target for the imaging of unstable atherosclerosis (19).
8Ga-NODAGA-RGD uptake in large vessels showed clinical correlation with atherosclerotic
cardiovascular diseases (21). 8F-Galacto-RGD PET/CT showed specific tracer accumulation
in human atherosclerotic carotid plaques, with increased PET signals observed in stenotic
compared with non-stenotic areas based on MR or CT angiography data, and with histological
correlation with avfBs expression (17).

Intensity of RGD PET uptake in plague imaging in humans

Background corrections were systematically used among different studies. Again, the median
intensity of arterial tracer uptake as determined by TBR measurements were 1.31 (IQR 1.20—
1.39) for the study from Jenkins et al. (19) and 1.84 (IQR 1.62—2.04) for the study from Dietz
etal. (21). Interestingly, Dietz et al. used a SiPM PET system (Biograph Vision 600, Siemens
Medical Solutions, Knoxville, USA) in 16 out of 44 (36%) of the patients included for the
analysis, which could partly explain the highest TBR measurements. SiPM PET is a new PET
technology with improved spatial and timing resolution and a relatively high sensitivity and
count-rate capability as compared to PET scanners using conventional photomultiplier tubes
(35).
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The TBR measurements were slightly lower than those of other established tracers used for
plaque imaging. In a study using *8F-sodium fluoride for visualization of microcalcification in
plaque in the major arteries, the mean TBR was 2.3 + 0.7 (36). In another study using %8Ga-
Pentixafor for visualization of inflammatory cells, the mean TBR was 2.0 £ 0.5 (37).

The difference in intensity of TBR between non-calcified/mixed/calcified plagues on CT has
not been studied so far. However, Dietz et al. found that only around 26% of %8Ga-NODAGA-
RGD highest uptake foci in their cohort were colocalized to calcification on CT (21). This
result suggests that RGD accumulation could particularly occur mainly in the noncalcified
vessel wall, which may indicate some association with pathophysiologic processes found in
early atherosclerotic disease.

Future potential directions of ayf3 integrin expression in plaque imaging

To date, RGD PET imaging in humans has emerged as a promising tool for the assessment of
active atherosclerosis processes, but with a still very limited number of studies (n=3) (17, 19,
21). All studies were focused on subjects with established disease, and there is no work which
has investigated whether RGD uptake could predict future events or whether it can provide
additional prognostic information over current methods of risk stratification. Further works are
also needed to establish whether RGD PET could monitor disease progression, guide
therapeutic interventions, or assess novel anti-angiogenic therapies in cardiovascular diseases.
It is also not well established whether having a recent MI would lead to a significant increase
in aortic plaque microvessels, or indeed whether these changes are likely to occur within 1-3
weeks post MI. Because integrins avP3s are expressed in neovessels in plaques but also in CD68-
positive macrophages, it is not possible to ascertain with PET only whether RGD is binding
preferentially to one or the other of these processes. Aortic RGD uptake post Ml in large vessels
could be reporting predominantly on systemic inflammation rather than microvessels
proliferation (38).

No study assessed the coronary arteries. The potential value of integrin tracers would be of
great interest for future trials, as most PET tracers are not suitable due to too low signal for
coronary artery disease assessment. Moreover, the capacity of the paradigm based on ischemia
to prevent Ml is increasingly being questioned, and the quantification of metabolic activity of
atherosclerotic disease is of growing interest (39). PET imaging with integrin tracers could
have the potential to add value to this purpose.

No PET study in humans assessed av3s integrin expression in aortic aneurysm, which could be
of clinical interest. Degraded aortic tissue is known to exhibit abnormal angiogenesis and is

present in abundance at sites of aortic rupture (40). avBs integrin expression stimulate
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angiogenesis, typically in hypoxic environments (41). The predictive value of avfs integrin
expression imaging using PET in aortopathy to predict disease progression is unknown.

RGD PET uptake in stroke

PET studies focused on ischemic cerebral vascular disease are scarce (n=2) (16, 22). As in the
normal myocardium, the PET RGD-peptide was absent in the normal brain, allowing a clear
background to evaluate the post-stroke angiogenesis. However, the RGD PET uptake levels in
stroke seem to be lower than those in MI (16). These could indicate difficulties of forming new
capillaries from the pre-existing vessels after stroke (16). The existing data support that ovp3
integrin expression in the cerebral infarct is prominent in the acute phase (< 30 days after the
event) and decrease with time, but evidence is still lacking. Serial changes of cerebral RGD
uptake were assessed for only two patients (16). However, both existing studies have consistent
findings in chronically damaged brain, with absent or very weak uptake reported.

Some evidence supports a strong correlation between RGD uptake and stroke size but only in
a limited number of patients scanned 13—-26 days after the event (16). Like in MI, a non-perfect
correlation between RGD uptake and standard measures of infarct severity like the infarct size
could suggest that RGD uptake is not a surrogate of infarction but could relate more to the
tissue-healing response to injury.

An interesting finding in the study from Sun et al. is a punctate multifocal RGD uptake along
the surrounding blood vessels in stroke patients, contrasting with the patchy-form uptake found
in M1 patients (16). The authors explained that the myocardial remodeling could contribute to
this different uptake pattern, but more data are needed to confirm these findings.
Radiolabeling of RGD-based PET agents

Most of the RGD-based radiotracers included in this systematic review were labelled with 8F
(4 out of the 7 studies: 57%). The remaining 2 out of the 7 studies (29%) used RGD-based
radiotracers labelled with ®8Ga obtained from a ®Ge/%Ga generator. Imaging relatively thick
structure like the left ventricle is not an issue using PET imaging but the use of 8F labelled
tracers for atherosclerotic PET imaging could have several physical and technical advantages
as compared to %8Ga labelled tracers. In fact, ®Ga has higher positron energy and positron
range which could lead to noisier images and worse spatial resolution, which could be
amplified by a lower injected activity of ®Ga compared with F (at least using traditional
photomultiplier tube PET/CT). However, the synthesis of 8F-Galacto-RGD tracer used by
Beer et al. could be complex and time consuming, making an automated production process,
which is mandatory for routine clinical use, extremely difficult (17, 42-43). Moreover, %Ga

labeled tracers have already been extensively used to image atherosclerotic plaques in large
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vessels, and in vessels as small as the coronary arteries (44-46). The superiority of a labelling
with 18F or %8Ga is not clear for RGD-based radiotracers for cardiovascular PET imaging.
Limitations

We should report several limitations in our systematic review, which could limit the scope of
our results. Our eligibility criteria lead to a very small number of original articles eligible for
inclusion in this systematic review, with limited histological assessment. This systematic
review focused on PET, and studies focusing on SPECT were not included. Unlike SPECT
imaging, PET imaging does not require an extrinsic collimator resulting in higher count
sensitivity and spatial resolution. Moreover, accurate and well validated attenuation correction
is available with PET. This provides routinely available quantitative assessments (47), which
could be crucial. In fact, important potential clinical applications of molecular integrin imaging
in cardiovascular diseases could provide quantitative endpoints for use in clinical trials.

There was significant heterogeneity across the studies in terms of technical aspects. Different
radiotracers were used. The radiopharmaceutical injected activity and the mean time interval
between radiotracer injection and image acquisition varied among the included studies.

For atherosclerosis imaging, it cannot be ruled out that tracer signals observed with RGD PET
are at least partially attributable to noise, especially using ®Ga labelling (48).

Finally, despite a high number of prospective studies with relatively clearly stated and patient-
related purposes, according to the NIH quality assessment tool the quality of the seven selected
studies is judged as moderate (see Supplementary Figure 1), mainly as they were single centre
and with a limited number of patients. We have tried to minimize publication bias excluding

case reports or small case series from this systematic review.

Conclusion

From this systematic review on the role of RGD-based PET agents in patients with
cardiovascular diseases, we are led to conclude that data on PET imaging of integrin avfs in
patients with cardiovascular diseases are still very limited. PET imaging can provide insight
on unique markers of disease activity, such as neoangiogenesis and inflammation, which are
crucial to the pathogenesis of cardiovascular diseases. Promising applications using RGD-
based PET agents are emerging, such as prediction of remodeling processes in the infarcted

myocardium or detection of active atherosclerosis, with potentially significant clinical impact.
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Abstract

Angiogenesis is an essential part of the cardiac repair process after myocardial infarction, but
its spatio-temporal dynamics remain to be fully deciphered. %8Ga-NODAGA-Arg-Gly-Asp
(RGD) is a positron emission tomography (PET) tracer targeting avfs integrin expression,
which is a marker of angiogenesis.

Methods: In this prospective single-center trial, we aimed to monitor angiogenesis through
myocardial integrin avf3 expression in 20 patients with ST elevated myocardial infarction
(STEMI). In addition, the correlations between the expression levels of myocardial avfBs integrin
and the subsequent changes in 82Rb PET/computed tomography (CT) parameters, including rest
and stress myocardial blood flow (MBF), myocardial flow reserve (MFR), and wall motion
abnormalities were assessed. The patients underwent PET/CT imaging using %8Ga-NODAGA-
RGD PET/CT and rest and stress 82Rb-PET/CT at 1 week, 1 month and 3 months after STEMI.
To assess %8Ga-NODAGA-RGD uptake, the summed rest 8Rb and ®Ga-NODAGA-RGD
images were co-registered, and segmental standardized uptake values were calculated (RGD
SUV).

Results: At 1 week after STEMI, 19 participants (95%) presented increased ®Ga-NODAGA.-
RGD uptake in the infarcted myocardium. Seventeen participants completed the full imaging
series. The values of the RGD SUV in the infarcted myocardium were stable 1 month after
STEMI (1 week vs. 1 month, 1.47 [interquartile range, IQR: 1.37-1.64] vs. 1.47 [IQR: 1.30-
1.66] g/mL, P=0.9), followed by a significant partial decrease at 3 months (1.32 [IQR: 1.12-
1.71] g/mL, P=0.011 vs. 1 week, P=0.018 vs. 1 month). In segment-based analysis, positive
correlations were found between RGD SUV at 1 week and the subsequent changes in stress
MBF (Spearman rho: r=0.17, P=0.0033) and MFR (Spearman rho: r=0.31, P<0.0001) at 1
month. A negative correlation was found between RGD SUV at 1 week and the subsequent

changes in wall motion abnormalities at 3 months (Spearman rho: r=-0.12, P=0.035).
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Conclusion: The present study found that avBs integrin expression is significantly increased in
the infarcted myocardium 1 week after STEMI. This expression remains stable after 1 month
and partially decreases after 3 months. Initial avf3 integrin expression at 1 week is significantly
weakly correlated with subsequent improvements in stress MBF, MFR, and wall motion
analysis.

Registration: URL: https://www:.clinicaltrials.gov; Unique identifier: NCT03809689

Key Words: Integrin alphavbeta3; PET; myocardial infarction; angiogenesis; RGD.
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INTRODUCTION

The initiation of cardiac repair after a myocardial infarction (MI) requires a complex series of
processes. In the first few days following reperfusion, an inflammatory phase with intense
inflammation and immune cell infiltration enables to clear the infarct from damaged cells. This
phase is followed by a reparative and proliferative phase over the next several days, with a
believed peak around day 7; it includes the resolution of inflammation, cardiac fibroblast
proliferation, scar formation, and angiogenesis, which is an essential part of the repair process
(1,2). However, the spatio-temporal dynamics of angiogenesis after a MI remain to be fully
deciphered (2). To prevent heart failure after MI, an improved understanding of myocardial
angiogenesis is essential for the future development of effective and targeted treatments.

The transmembrane glycoprotein avBs integrin is involved in cell interaction with the
extracellular matrix, migration, and proliferation. Integrin avPs is expressed on activated
endothelial cells where it plays a critical role in the angiogenic process within the myocardium
after injury (3-6). Expression of integrin avPs has also been reported in other various cell types,
such as fibroblasts and activated macrophages (7-10). This diversity in expression may
introduce some confounding effects. However, avps imaging holds promise for assessment of
cardiac wound healing and repair after M1 (11,12). In 2015, in a publication summarizing
advanced techniques to evaluate angiogenesis, the American Heart Association cited the use of
radiotracers to assess integrin expression (13). %Ga-NODAGA-Arg-Gly-Asp (RGD) is a
positron emission tomography (PET) tracer having a high binding affinity for ovfs and
favorable biokinetics (14, 15). A widely used PET perfusion tracer in clinical practice is Rb,
allowing for accurate measurement of rest and stress myocardial perfusion in absolute units,
with a test-retest methodological precision around 20% (16).

We hypothesized that myocardial ®*Ga-NODAGA-RGD uptake is increased during the

peak of the proliferative phase following acute ST-segment elevation myocardial infarction
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(STEMI) and is reduced during later stages of infarct healing. The objective of the present study
was to assess the expression levels of myocardial avfs integrin at 1 week after STEMI and their
potential evolution at 1 month and 3 months. In addition, the correlations between the
expression levels of myocardial avBs integrin and the subsequent changes in 82Rb-PET/CT
parameters, including rest and stress myocardial blood flow (MBF), myocardial flow reserve

(MFR), and wall motion abnormalities were assessed.

MATERIALS AND METHODS

Study Design

This is a prospective single-center trial conducted in the Centre Hospitalier Universitaire
Vaudois (Lausanne, Switzerland). All participants were included within the first 12 hours after
symptom onset and underwent reperfusion (Supplemental materials). The study was approved
by the ethics committee of the canton of Vaud (protocol CER-VD # 429/14) and registered on

Clinical-Trials.gov (NCT03809689). All patients signed a written informed consent.

PET/CT Imaging

All participants had a ®¥Ga-NODAGA-RGD PET/computed tomography (CT), and a rest and
stress 82Rb-PET/CT imaging at 1 week (4-10 days) after STEMI. Then, the participants
underwent repeated $8Ga-NODAGA-RGD PET/CT, and rest and stress 82Rb-PET/CT imaging
at 1 month and 3 months after STEMI (Figure 1). Participants underwent 8Rb-PET/CT imaging
as previously described (17). The complete imaging acquisition protocol is reported in the
Supplemental materials. Briefly, 5 MBg/kg of 8Rb (Ruby-Fill® generator and 8Rb elution
system, Jubilant Draxlmage, Kirkland, Canada) was administered through an automated

infusion system for 15-25 seconds, and 3-dimensional dynamic PET images were acquired for
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6.1 minutes (12x8, 5x12, 1x30, 1x60, and 1x120 seconds). Stress acquisitions were then
performed using the same protocol. Then, a median of 159 MBq of %Ga-NODAGA-RGD was
injected as an intravenous bolus and was followed by a PET acquisition of 10 minutes after a
median time of 60 minutes. Images were reconstructed using ordered subsets expectation

maximization algorithms.

PET Image Analysis
Image analyses were performed using PMOD (PMOD Version 4.3, PMOD Technologies,

Ziirich, Switzerland).

82Rb-PET/CT analysis

Perfusion was assessed quantitatively, measuring MBF in milliliters per minute per gram at rest
and stress using a 1-tissue compartment model with a flow-dependent extraction correction
(Supplemental materials). Perfusion was also assessed visually and semi-quantitatively. A
segmental wall motion analysis was performed on rest-gated 8?Rb-PET images using a 5-point
scoring scale and the summed rest score for wall motion was derived. Rest left ventricular (LV)

end-diastolic and end-systolic volumes, as well as ejection fraction (EF), were computed.

68Ga-NODAGA-RGD PET/CT analysis

%8Ga-NODAGA-RGD images were assessed visually and quantitatively. To assess the RGD
uptake, the summed rest 82Rb images and the ®Ga-NODAGA-RGD images were co-registered
(Supplemental Figure 1). Polar maps of ®Ga-NODAGA-RGD uptake expressed as
standardized uptake values (SUV; measured activity concentration [Bg/ml] x body weight

[g)/injected dose at the time of image decay correction [Bq]) were generated, and mean
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segmental SUVs were calculated (RGD SUV). The characterization of the infarcted

myocardium and the remote myocardium is detailed in the Supplemental materials.

Statistical Analysis

No statistical methods were used to predetermine sample size. All statistical analyses were
performed using the R software (version 4.2.2, R Project, Vienna, Austria). A P value <0.05
was considered statistically significant. Continuous variables were expressed as median [IQR]
or as meanzstandard error of the mean. The comparisons were performed using a Wilcoxon
signed-ranks test. Categorical data were expressed as count and percentage. The Friedman test
was used to compare continuous variables across multiple time points. When statistical
significance was reached, post-hoc Dunn's multiple comparison tests were used for pairwise
comparisons. The correlations between RGD SUV and the subsequent changes in rest MBF,
stress MBF, MFR and wall motion analysis were assessed on all segments using the Spearman
correlation analysis. The tests were selected due to the non-normal distribution of the data, as

determined by the Shapiro-Wilk test.

RESULTS

Participants

A total of 20 participants were included in the study (20% female; age: 63 [IQR: 58-69] years;
Supplemental Table 1). Among the participants, 19 (95%) had no previous history of
cardiovascular disease before the onset of acute STEMI. Only one participant had a history of
prior coronary revascularization, with percutaneous coronary intervention (PCI) and coronary

artery bypass graft surgery.
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PCI was performed on all the participants 3.8 [IQR: 2.3-6.3] hours after symptoms
onset. Invasive angiography found single-vessel obstructive disease in 7 (35%) participants and
multivessel obstructive coronary artery disease in 13 (65%). All participants underwent stenting
using drug-eluting stents of the culprit lesion. One participant (5%) had unsuccessful
reperfusion with a post-PCI thrombolysis in myocardial infarction flow grade 1.

The 20 participants underwent rest and stress 82Rb-PET/CT and 8Ga-NODAGA-RGD
PET/CT imaging 9 [IQR: 7-10] days after STEMI. A total of 18 participants underwent a
second 8Rb-PET/CT and %8Ga-NODAGA-RGD PET/CT imaging 32 [IQR: 30-37] days after
STEMI, and 17 participants underwent a third 8Rb-PET/CT and %Ga-NODAGA-RGD
PET/CT imaging 89 [IQR: 83-96] days after STEMI and completed the full imaging series. In
segment-based analysis, rest and stress MBF, MFR, wall motion analysis and RGD SUV were

assessed for the full imaging series in 289 segments (17x17 participants).

Imaging findings 1 week after STEMI
Complete reperfusion, as indicated by an absence of significant perfusion defect (summed stress
score <4), was observed in 6 participants (33%). The rest MBF was 0.50 [IQR: 0.42-0.58]
mL/min/g across the entire myocardium, 0.58 [IQR: 0.48-0.60] mL/min/g in the remote
myocardium, and 0.38 [IQR: 0.34-0.52] mL/min/g in the infarcted myocardium. Rest LVEF
was less than 50% in 12 participants (60%). A total of 14 participants (70%) demonstrated
segmental wall motion abnormalities (summed rest score for wall motion >0).

A total of 19 participants (95%) presented RGD-positive segments (n=66); those
segments were always included in myocardial tissue perfused by the culprit coronary artery.
Among those 66 positive segments, 55 were obtained from the 17 participants who completed

the full imaging series and were selected to represent the infarcted myocardium. Among the 6
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participants who experienced a complete reperfusion and had no significant 8Rb PET perfusion

defect (summed stress score <4), RGD-positive segments were detected in 5 (83%).

Temporal changes

The values of the RGD SUV in the infarcted myocardium were stable 1 month after STEMI
(P=0.9 for post-hoc comparison 1 week vs. 1 month; Table 1), followed by a significant
decrease at 3 months (P=0.011 for post-hoc comparison with 1 week, P=0.018 for post-hoc
comparison with 1 month; Table 1 and Figures 2 and 3). There was no significant change
observed for the RGD SUV in the remote myocardium throughout the follow-up (Friedman test
P=0.59). At all timepoints the RGD SUV values of the infarcted myocardium and the remote
myocardium were significantly different (all P<0.001).

In participants with significant 8Rb-PET/CT perfusion defects, areas of positive RGD
uptake matched the extent of perfusion defects, with some slight extensions in border zones. In
the 2 participants with the most severe infarcts (rest MBF in the infarcted myocardium at 1
week of 0.30 mL/min/g and 0.26 mL/min/g), the RGD SUV values of the infarcted myocardium
increased by at least 20% at 1 month, without change in clinical status, nor occurrence of events
(Figure 4 and Supplemental Figure 2). In these 2 participants the RGD uptake started in the
border zone and extended into the necrotic infarct core (Figure 4). The RGD uptake was
relatively homogeneous in all the other participants with smaller infarcts.

In participant-based analysis, global 8Rb-PET/CT parameters and hemodynamics
during #Rb-PET/CT imaging did not significantly change between initial and follow-up
imaging (Supplemental Tables 2 and 3). LVEF improved by at least 5% in 8 (12%) of the 17
participants who completed the full imaging series. In segment-based analysis, rest MBF

improved by at least 20% in 163 segments (56%), stress MBF improved by at least 20% in 164
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segments (57%), MFR improved by at least 20% in 151 segments (52%) and wall motion

abnormalities improved (difference score for wall motion >1) in 61 segments (21%).

Correlations between RGD SUV and the subsequent changes in 8Rb-PET parameters

In segment-based analysis, positive correlations were found between initial RGD SUV at 1
week and the subsequent changes at 3 months in stress MBF (Spearman rho: r=0.13, P=0.026)
and MFR (Spearman rho: r=0.18, P=0.003). There was no correlation found between RGD
SUV at 1 week and the subsequent changes in rest MBF at 3 months (Spearman rho: r=—0.08,
P=0.19). A negative correlation was found between RGD SUV at 1 week and the subsequent
changes in wall motion abnormalities at 3 months (Spearman rho: r=-0.12, P=0.035).

In further analysis, positive significant correlations were found between RGD SUV and
the subsequent changes in stress MBF and MFR in the 1-week to 1-month period (Spearman
rho: r=0.17, P=0.0033, and Spearman rho: r=0.31, P<0.0001, respectively, Figure 5). No
correlation was found between RGD SUV at 1 month and the subsequent changes at 3 months
in stress MBF (Spearman rho: r=0.05, P=0.44), nor in MFR (Spearman rho: r=-0.02, P=0.72).
No correlation was found during these shorter periods between RGD SUV and the subsequent
changes in wall motion abnormalities (1-week to 1-month period, Spearman rho: r=0.02, P=0.7;

1-month to 3-month period, Spearman rho: r=0.06, P=0.33).

DISCUSSION

The present study reported in vivo, in humans, an increased avPs integrin expression in the
infarcted myocardium 1 week after STEMI. The levels of avPs integrin expression remained
stable at 1 month after STEMI and partially decreased at 3 months, suggesting that angiogenesis

remains active 3 months after the infarct. Moreover, there were significant weak correlations
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between the segmental levels of ovBs integrin expression at 1 week and the subsequent
improvements in stress MBF, MFR, and wall motion analysis.

The kinetics of angiogenesis after MI in humans remain poorly understood (2). The
results reported herein on myocardial avfs integrin expression in vivo in the human infarcted
myocardium found a persistent activity at 1 month, followed by a partial decline at 3 months.
The present results are consistent with the serial changes of vascular endothelial growth factor
(VEGF) levels observed in several studies within the peripheral blood of patients with acute
MI. These levels were reported to reach a peak at 6 weeks and subsequently decline to baseline
levels at 5 months (18). Another study found a progressive increase of VEGF levels that started
on the first day after acute MI, peaked at 2 weeks and then subsequently declined (19). Hence,
it can be thought that this prolonged increase is necessary to preserve the remaining
myocardium and limit hypoxic cellular destruction.

The prolonged ovPs integrin upregulation found herein agrees with previous studies
using radiolabeled RGD peptides after M1 (4,11,20,21). In a rat model, the uptake of the 8F-
Galacto-RGD tracer was detected only 3 days after MI and reached its highest levels between
1 and 3 weeks; the levels were still detectable after 6 months. Moreover, the evolution of 8F-
Galacto-RGD tracer uptake was well correlated with neovascularization as assessed by
immunohistochemical CD31 staining (4). Similarly, the uptake pattern of 8F-AIF-NOTA-
PRGD?2, in the infarcted area at various time points following M, also started after only 3 days
and reached its peak between 1 and 3 weeks; a subsequent partial decrease was reported 4
months after MI (20). In humans, Jenkins et al. (11) found that '8F-labeled RGD uptake was
increased within 2 weeks in the infarcted myocardium. It persisted but was reduced after
approximately 10 weeks. There was no uptake found at sites of established old infarctions. It is
of note that in the present study, an examination of established old infarction sites was not

conducted since none of the participants had a Ml history prior to acute STEMI. Nevertheless,
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in our ongoing trial evaluating tumoral angiogenesis (NCT02666547), which includes some
patients with a prior history of MI, we do not observe any visually positive uptake of %8Ga-
NODAGA-RGD in the myocardium.

The present study reported significant correlations between the segmental levels of ovf3
integrin at 1 week and the subsequent improvements in clinically relevant physiological
parameters, such as stress MBF, MFR, and wall motion analysis. Although the correlations
found were weak, they were determined using Spearman’s rank correlation coefficient, which
is insensitive to outliers. Additionally, the alignment of PET findings could have been more
accurate, since distinct radiotracers (with high energy positrons) and acquisitions were used. A
stronger effect of these correlations can be assumed, which means that the correlations are likely
relevant. Notably, a slightly stronger correlation was observed between avps integrin expression
levels and improvements in MFR, which is considered a more robust independent prognostic
factor compared with stress MBF (22). Furthermore, no correlation was found between avf3
integrin expression levels and subsequent changes in rest MBF, a parameter unrelated to clinical
outcomes and unaffected by post-MI recovery (23,24). The significant but weak correlation
between avfs3 integrin expression levels at 1 week and functional outcomes aligns with previous
challenges to translate microscopic levels of angiogenesis into functional improvements. For
example, Wu et al. reported only trends towards lower perfusion defects and metabolism
deficits in VEGF-treated animal models, without statistically significant changes (25).
Nevertheless, as herein, several studies suggested that elevated avBs integrin expression after
ischemic myocardial injury is associated with subsequent improvement in regional LV function
(6,11,12,26,27). Recently, using the same PET tracer with ®¥Ga-NODAGA-RGD, Nammas et
al. reported in humans that avBs integrin expression levels 1 week after MI was linked to
regional and global systolic dysfunction, as well as elevated LV filling pressure, and predicted

improved global LV function 6 months after M1 (12). Despite these insights, further studies are
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warranted to better understand whether the angiogenic response is associated with functional
recovery.

Variability was observed in the temporal pattern of 88Ga-NODAGA-RGD uptake, with
a notable increase found at 1 month in 2 participants. Interestingly, the 2 participants affected
were those experiencing the most severe infarcts. Based on these findings, it remains uncertain
whether this increase in ®Ga-NODAGA-RGD uptake is related to intensified
reendothelialization and angiogenesis and/or indicates a shift towards myofibroblast cell types,
suggesting an intensified fibrotic response. This delayed phase of repair is characterized by a
reduction in inflammation and angiogenesis, and a reorganization of the extracellular matrix
through myofibroblast-driven type | and 111 collagen production (1). This more intense uptake
during follow-up in infarcted areas where perfusion is most profoundly reduced, with a trend
toward a delayed 1-month peak, may reflect the need for a more intense healing process in those
tissues.

The present trial has several limitations. Inflammatory cells and fibroblasts can express
integrins such as avf3 (7-10), which can lead to reduced specificity. This may explain the weak
correlations found between the 1-week %8Ga-NODAGA-RGD uptake and the subsequent
improvements in flow, as well as the absence of correlation found from the 1-month onwards.
The positron range is higher for ®8Ga than for ‘8F, which may affect the image quality, especially
in relatively small moving structures. Nevertheless, ®Ga-NODAGA-RGD has the advantage
to be synthesized straightforward at room temperature with high radiochemical yield and purity.
It can be radiolabeled rapidly (<30 minutes) and in a fully automated good-manufacturing-
practice compliant manner. Furthermore, the on-site availability of 58Ge/%Ga generators for
centers without access to a cyclotron makes it a good alternative for ®F-labeled compounds.
Moreover, a higher uptake of multimeric RGD tracers as compared to monomeric tracers was

reported (28). A multimodal imaging strategy, such as PET/MRI, could precisely delineate the
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area at-risk and its border zone. The study would have been strengthened by an independent
measure of regional function using echocardiography or MRI. Furthermore, the contribution of
non-specific uptake to ®Ga-NODAGA-RGD accumulation cannot be excluded. However,
positive uptake was found in segments with preserved perfusion and in segments with very low
perfusion, and as radiolabeled RGD-based peptides have shown a rapid clearance from the
circulation (4,14), it seems unlikely that non-specific uptake related to changes in vascular
permeability played a major role. Finally, the potential impact of standard medication regimens
for coronary artery disease (e.g., statins, antihypertensives) on the uptake of 8Rb or %Ga-

NODAGA-RGD remains uncertain.

CONCLUSION

The present study found that avBs integrin expression is significantly increased in the infarcted
myocardium 1 week after STEMI. This expression remains stable after 1 month and partially
decreases after 3 months. Initial avf3 integrin expression at 1 week is significantly weakly
correlated with subsequent improvements in stress MBF, MFR, and wall motion analysis. An
enhanced comprehension of the mechanistic aspects of infarct avps integrin expression could

provide multiple therapeutic options.
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TABLE 1. Temporal changes in the infarcted and the remote myocardium.

Infarcted myocardium
RGD SUV (g/mL)

Rest myocardial blood flow
(mL/min/g)

Stress myocardial blood flow
(mL/min/g)

Myocardial flow reserve (1)

Remote myocardium
RGD SUV (g/mL)

Rest myocardial blood flow
(mL/min/g)

Stress myocardial blood flow
(mL/min/g)

Myocardial flow reserve (1)

1 week

1.47 [1.37-1.64]
0.38 [0.34-0.52]

1.16 [0.71-1.61]
3.04 [1.96-3.90]

1.05 [0.92-1.11]
0.58 [0.48-0.60]

1.88 [1.30-2.19]
3.35 [2.67-4.16]

1 month

1.47 [1.30-1.66]
0.44 [0.31-0.58]

1.49 [0.77-1.96]
2.94 [2.42-3.62]

1.01 [0.99-1.11]
0.57 [0.46-0.75]

1.99 [1.24-2.16]
3.19 [2.28-3.51]

3 months

1.32 [1.12-1.71]*
0.44 [0.37-0.52]

1.51[0.92-2.18]+
3.50 [2.32-4.65]

1.05 [0.94-1.15]
0.50 [0.49-0.69]

1.92 [1.22-2.39]
2.98 [2.27-4.75]

Variables are expressed as median [IQR]. *P=0.011 vs. 1 week and P=0.018 vs. 1 month.

tP=0.035 vs. 1 week.

76



Time after STEMI

1 week 1 month 3 months

Rest and stress 82Rb PET/CT

And

68Ga-NODAGA-RGD PET/CT

FIGURE 1. Experimental timeline.
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FIGURE 2. a5 integrin expression in the infarcted myocardium remained stable 1 month
after STEMI, followed by a significant partial decrease at 3 months. SEM, standard error of

the mean. **P<0.01.
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FIGURE 3. Participant example with a decrease in a,Bs3 integrin expression levels (arrows) in
the infarcted myocardium (asterisks) after 1 week to follow-up at 3 months. Rest 82Rb, ®8Ga-
NODAGA-RGD PET and %8Ga-NODAGA-RGD PET/CT images at 1 week (first row), 1 month

(second row) and 3 months (third row) after STEMI.
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FIGURE 4. Participant example with an increase in a,B3 integrin expression levels (arrows)
throughout follow-up within the infarcted myocardium (asterisks). Rest 82Rb, #8Ga-NODAGA-
RGD PET and %8Ga-NODAGA-RGD PET/CT images at 1 week (first row), 1 month (second row)
and 3 months (third row) after STEMI. The %8Ga-NODAGA-RGD uptake started in the border
zone at 1 month and subsequently extended into the necrotic infarct core at both 1 and 3

months.
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Abstract

[(®Ga]Ga-NODAGA-RGD is a positron emission tomography (PET) tracer targeting avf3
integrin, which is upregulated during angiogenesis soon after acute myocardial infarction
(AMI). We prospectively evaluated determinants of myocardial uptake of [®Ga]Ga-
NODAGA-RGD, and its associations with left ventricular (LV) function in patients after AMI.
Methods: Myocardial blood flow (MBF) and [*8Ga]Ga-NODAGA-RGD uptake (60 minutes
after injection) were evaluated by PET in 31 patients 7.7+3.8 days after primary percutaneous
coronary intervention for ST-elevation AMI. Transthoracic echocardiography of LV function
was performed on the day of PET and at 6-month follow-up.

Results: PET images showed increased uptake of [Ga]Ga-NODAGA-RGD in the ischemic
area at risk, predominantly in injured myocardial segments. The standardized uptake value in
the segment with the highest uptake (SUVmax) in the ischemic area at risk was higher than the
mean SUV of the remote myocardium (0.73+0.16 vs. 0.51+0.11, p<0.001). Multivariable
predictors of [8Ga]Ga-NODAGA-RGD uptake in the area at risk included high peak NT-
proBNP (p<0.001), low LV ejection fraction, low global longitudinal strain (GLS, p=0.01), and
low longitudinal strain in the area at risk (p=0.01). [#8Ga]Ga-NODAGA-RGD uptake corrected
for MBF and perfusable tissue fraction in the area at risk predicted improvement in GLS at
follow-up (p=0.002), independent of peak troponin, NT-proBNP, and LV ejection fraction.
Conclusion: [#8Ga]Ga-NODAGA-RGD uptake shows increased avfs integrin expression in the
ischemic area at risk early after AMI that is associated with regional and global systolic
dysfunction, as well as increased LV filling pressure. Increased [¢®Ga]Ga-NODAGA-RGD

uptake predicts improvement of global LV function 6 months after AMI.
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Introduction

Acute myocardial infarction (AMI) initiates several maladaptive changes in cardiac myocytes
and the extracellular matrix, which can contribute to left ventricular (LV) dysfunction, adverse
remodeling, and eventual failure (1). The repair process aimed at restoration of the capillary
network, elimination of necrotic tissue, and deposition of new extracellular matrix is essential
for healing of AMI, and can counteract the development of chronic LV dysfunction (1). In
parallel with inflammation and fibrosis, angiogenesis (sprouting of pre-existing capillaries)

plays an important role in myocardial repair after AMI (2).

Integrin ovPs is a glycoprotein transmembrane receptor the expression of which is upregulated
in proliferating endothelial cells, and can serve as a biomarker of angiogenesis (3). After AMI,
avBs integrin expression increases in vascular structures during the early repair process (4).
Studies in experimental models and humans demonstrated the feasibility of using radiolabeled
tracers containing the Arg-Gly-Asp (RGD) motif for the non-invasive detection of avf3 integrin
expression after AMI (5-13). However, clinical utility of avfs integrin as a biomarker after AMI

remains uncertain.

We therefore sought to study the determinants of avPs integrin expression, and its association
with LV function following AMI. We prospectively evaluated myocardial uptake of [8Ga]Ga-
NODAGA-RGD (10,14), a positron emission tomography (PET) radiotracer targeting ovfs
integrin, within 2 weeks of reperfusion in patients with AMI. Function of the LV was evaluated

by echocardiography at the time of PET scan and 6 months later.
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Methods

Study Cohort and design

We prospectively recruited patients who underwent primary percutaneous coronary
intervention because of ST-elevation AMI and who had an LV ejection fraction (LVEF) <50%
during the index hospitalization in Turku University Hospital from December 2018 to January
2021. Exclusion criteria are listed in the supplemental data. Each patient signed an informed
consent form. The study conforms to the Declaration of Helsinki, and the institutional review
boards of the Hospital District of Southwest Finland, Finnish Medicines Agency, and Turku
University Hospital approved the study. The study was registered in clinicaltrials.gov with
identifier NCT04871217.

To evaluate myocardial avp3 integrin expression, patients underwent [°O]O-water PET
followed by [(8Ga]Ga-NODAGA-RGD PET within 3 to 14 days after AMI. To evaluate LV
function, transthoracic echocardiography was performed at baseline on the day of PET imaging
and at 6-month follow-up. Peak cardiac troponin T and N-terminal pro-b-type natriuretic
peptide (NT-proBNP) levels were recorded during hospitalization and at the time of PET
imaging. Data on cardiovascular risk factors, medications, and cardiovascular events were
collected from electronic medical reports. The myocardial area at risk (AAR) and the remote
area were defined based on the culprit coronary arterial segment, determined from the invasive

coronary angiography and electrocardiography.

PET imaging

Synthesis of [®Ga]Ga-NODAGA-RGD is described in supplemental data. For each patient,
resting [*°0]O-water and [%8Ga]Ga-NODAGA-RGD PET scans were performed using a single
dedicated PET/computed tomography (CT) scanner (Discovery MI, GE Healthcare,
Milwaukee, WI, USA) on the same day, as previously described (15) (supplemental data). In
brief, [*°0]O-water (Radiowater Generator, Hidex Oy, Turku, Finland) was injected as an
intravenous bolus (target injected radioactivity 500 MBq) over 15 seconds, and a dynamic PET
was acquired over 4 min and 40 sec, starting 25 seconds after injection, with the patient at rest.
Then, an average of 179 + 15 MBq of [®®Ga]Ga-NODAGA-RGD was injected as an intravenous

bolus followed by a list-mode PET acquisition over 15 minutes after a 60-minute uptake period.

PET image analysis and interpretation
Images were analyzed using Carimas 2.9 software (Turku PET Centre, Turku, Finland) (10,16)
(supplemental data). In brief, polar maps of [%8Ga]Ga-NODAGA-RGD uptake (standardized
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uptake value, SUV) in the LV myocardium were generated based on myocardial contours and
sampling points matching with co-registered [*°0]O-water images. The maximum [#Ga]Ga-
NODAGA-RGD uptake (SUVmax) was defined as the highest segmental uptake. An indexed
SUVmax corrected for the mean MBF (MBFmean) and perfusable tissue fraction in the area at

risk was also calculated to account for reduced amount of viable tissue in the infarct zone (16).

Echocardiography

Transthoracic echocardiography was performed using Vivid E9 or E95 (GE Vingmed
Ultrasound, Horten, Norway) devices equipped with MS5 and 4Vc¢-D 4D matrix cardiac probes.
All images were digitally stored for offline analysis (EchoPAC PC version 203; GE Vingmed,
Horten, Norway) of LV global and segmental function (supplemental data). The LV volumes
and LVEF were measured using the biplane Simpson’s method. Myocardial global longitudinal
strain (GLS) and segmental longitudinal strain (LS) were analyzed using the speckle-tracking
method and reported as absolute values. Segments with baseline LS <13.5% were defined as
injured (17).

Statistical analysis

Continuous data are reported as mean and standard deviation, and are compared using Student’s
t test when normally distributed, and with the Mann-Whitney test otherwise. Categorical data
are reported as count (percentage), and are compared with Chi-square or Fisher’s exact tests, as
appropriate. Univariable and multivariable linear regression models were constructed to
identify predictors of [%8Ga]Ga-NODAGA-RGD uptake at baseline and predictors of
improvement in LV function from baseline to follow-up. Statistically significant variables in
the univariable analysis were added to multivariable models as covariates. Intra- and
interobserver reproducibility of [®Ga]Ga-NODAGA-RGD SUVmax measures were assessed in
seven randomly selected patients by calculating the coefficient of variation. Statistical
significance was set at p<0.05. Statistical analyses were performed using SPSS v. 25.0 (IBM
Corporation, New York, USA).

Results
We enrolled 31 patients with the first ST-elevation AMI. Table 1 summarizes baseline
characteristics of patients. All patients underwent primary percutaneous coronary intervention

at 4.9 = 6.1 hours from symptom onset. The AAR was in the left anterior descending, the right
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and the left circumflex coronary artery territories in 48.4%, 29.0% and 22.6% of patients,
respectively.

Patients underwent [**0]O-water and [®®Ga]Ga-NODAGA-RGD PET scans at 7.7 + 3.8 days
(median 8 days, interquartile range 7 days) after the index AMI. The clinical characteristics
were similar between patients who underwent PET <7 days (n=14) and >7 days (n=17) after
AMI.

One patient was lost to follow-up. Consequently, 30 patients underwent both baseline and
follow-up echocardiography 210 + 38 days after AMI. There were no deaths or heart failure
hospitalizations during follow-up, but one patient had non-ST-elevation AMI caused by a

coronary lesion other than the index lesion.

Left ventricular function

Table 2 summarizes the echocardiograph data. All patients initially had LVEF <50%, whereas
at baseline evaluation on the day of PET scanning, LVEF was <50% in five patients and GLS
was <16% in 17. In the AAR, myocardial injury (segmental LS <13.5%) was present in 26
(84%) patients. The average number of injured segments per patient was 3.1 + 2.2.

At follow-up, LS in the AAR showed significant improvement from baseline (p=0.03). LVEF
improved by >5% in 12 (40%) patients and worsened by >5% in six (20%). In turn, GLS
improved by >3% in nine (30%) patients and worsened by >3% in four (13%). Only four

patients had an LV end-diastolic volume increase of >20%.

[(¥Ga]Ga-NODAGA-RGD uptake after AMI

Uptake of [8Ga]Ga-NODAGA-RGD was visible in the AAR in PET images from all patients
(FIGURE 1 and supplemental Figure 1). The segment with the highest [8Ga]Ga-NODAGA.-
RGD uptake (SUVmax) was within or immediately adjacent to the AAR in all patients. Segments
in the AAR (n=168) showed higher [*8Ga]Ga-NODAGA-RGD SUV than segments in the
remote area (0.66 + 0.18 vs. 0.55 + 0.14, p<0.001, FIGURE 2).

The [%8Ga]Ga-NODAGA-RGD SUVmax co-localized with the segment with the most severe
contractile abnormality or the immediately adjacent segment in 22 patients. In remaining
patients, SUVmax was either in the border of a large injured area (n=4) or there was no contractile
abnormality in the AAR (n=5). Within the AAR, the average [®®Ga]Ga-NODAGA-RGD SUV
was higher in segments with myocardial injury (n=97) than in other segments (0.71 £ 0.19 vs.
0.61 + 0.14, p<0.001, FIGURE 2), and inversely correlated with LS (p<0.001, FIGURE 3A).
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MBF was lower in the AAR than remote myocardium (0.73 £0.23 vs. 0.83 £ 0.23 mL/g/minute,
p <0.001). There was no correlation between segmental SUV and MBF in the AAR (p=0.1),
but SUVmax correlated with MBF in the non-injured myocardial segments within or
immediately adjacent to AAR (r=0.49, p=0.017, supplemental Figure 2).

In patient-based analysis, SUVmax and indexed SUVmax were higher in the AAR than the remote
area (Table 3). SUVmax in the AAR was higher than blood pool SUV (0.73 + 0.16 vs. 0.64 +
0.15, p<0.001), but lower than liver SUV (0.73 £ 0.16 vs. 1.04 + 0.16, p<0.001). SUVmax was
similar between patients who underwent PET <7 and >7 days after AMI (p>0.05).
Measurement of SUVmax was reproducible, with an intraobserver coefficient of variation of

1.4% and interobserver coefficient of variation of 10.9%.

Predictors of [®8Ga]Ga-NODAGA-RGD uptake after AMI

Univariable predictors of [(8Ga]Ga-NODAGA-RGD SUVmax and indexed SUVmax in the AAR
at baseline included peak troponin T, peak NT-proBNP, GLS, and regional LS in the AAR
(Table 4). Neither age or peak CRP level predicted SUVmax or indexed SUVmax (p>0.05 both)
and they were similar in patients with TIMI flow grade 2 and 3 after revascularization (P=0.6).
In multivariable models, the only independent predictor of SUVmax in the AAR was peak NT-
proBNP (FIGURE 3B, Table 4), whereas peak troponin T, LVEF, and GLS predicted indexed
SUVmax (Table 4).

[(®Ga]Ga-NODAGA-RGD uptake and LV function at follow-up

In univariable analysis, indexed [*3Ga]Ga-NODAGA-RGD SUVmax in the AAR, peak troponin
T, peak NT-proBNP, and baseline LVEF predicted improvement of GLS adjusted for baseline
(Table 5). Neither time from symptom onset to revascularization nor the post-revascularization
TIMI flow grade predicted improvement of GLS. In multivariable analysis, indexed SUVmax in
the AAR was the only independent predictor of improvement of GLS at follow-up (p=0.002;
FIGURE 4).

Although associated with global LV function improvement, indexed SUVmaxwas not associated
with improvement of regional LS in the AAR in 26 patients with myocardial injury at baseline
(p=0.7).  Furthermore, segmental [*8Ga]Ga-NODAGA-RGD SUV did not correlate with
change in LS in injured segments in the AAR (p=0.2).
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Discussion

We found that uptake of [®Ga]Ga-NODAGA-RGD increased in the myocardium distal to the
culprit lesion of the infarct-related artery (AAR) in patients with recent ST-elevation AMI.
Uptake of [%8Ga]Ga-NODAGA-RGD was associated with myocardial injury, regional and
global LV systolic dysfunction as well as increased LV filling pressure. Furthermore, the
intensity of [%8Ga]Ga-NODAGA-RGD uptake was associated with improvement in global LV
function at 6-month follow-up. These results indicate that [®®*Ga]Ga-NODAGA-RGD PET
provides information about the severity of acute ischemic myocardial injury and the potential
for recovery of LV function.

Preclinical and clinical studies demonstrated the feasibility of non-invasive nuclear imaging of
avP3 integrin expression using radiolabeled tracers containing the RGD-motif after recent AMI
(5-13). Early after AMI, a3 integrin is expressed by vascular endothelial cells (4), and uptake
of RGD-based tracers correlates with neovascularization (5-13). However, avBs integrin has
also been implicated in mediating the macrophage response to inflammatory signals (18) and
myofibroblast differentiation through the activation of latent transforming growth factor-f1
(19) that may be also targeted by RGD-based tracers at later stages after myocardial infarction
(20). Thus, avPs3 integrin expression may provide information about the activation of the repair
process after ischemic myocardial injury, but its utility as an imaging biomarker after human

AMI remains uncertain.

Uptake of [%8Ga]Ga-NODAGA-RGD after myocardial infarction

%8Ga-RGD tracers were previously demonstrated to accumulate in areas of injured myocardium
in experimental models of ischemic myocardial injury, and to correlate with avBs integrin
expression (8,10). In this study, we found consistently increased uptake of [*®Ga]Ga-
NODAGA-RGD in the ischemic AAR <14 days after AMI, which is in line with previous
studies showing accumulation of RGD-based tracers as early as 3 days after ischemic
myocardial injury, then peaking at 1-3 weeks (6). Uptake of [%8Ga]Ga-NODAGA-RGD was
sometimes also observed adjacent to the area at risk, which is consistent with previous evidence
showing uptake of RGD-based tracers extending into the peri-infarct zone (12,21). In contrast
to AMI, accumulation of RGD-based tracers was not found in patients with chronic coronary
total occlusion (12) or old MI (11,12,21).

We found that the highest segmental uptake of [3Ga]Ga-NODAGA-RGD (SUVmax) was 1.43-
fold higher than the mean SUV in the remote myocardium. This is similar to the target-to-
background ratios (1.34-2.33) reported in previous studies using RGD-based tracers (11,12,13).
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Using a rat model of AMI, we previously showed that measurement of SUV using static images
showed comparable results to kinetic modelling of the distribution volume of [#8Ga]Ga-DOTA-
RGD uptake, thereby simplifying in vivo analysis (9). We also measured [®Ga]Ga-NODAGA-
RGD uptake corrected for both MBF and perfusable tissue fraction (indexed SUVmax) in order
to account for reduced MBF and reduced distribution volume due to loss of viable tissue as
previously shown (22). Developments in scanner technology and motion correction algorithms
could further facilitate quantification of the [*8Ga]Ga-NODAGA-RGD signal.

Determinants of [®3Ga]Ga-NODAGA-RGD uptake

Uptake of [%8Ga]Ga-NODAGA-RGD co-localized with injured myocardial areas based on
reduced systolic LS on echocardiography and correlated with the degree of LS reduction after
AMI. In a previous study, LS reduction was associated with the transmurality of myocardial
injury according to late gadolinium enhancement on cardiac magnetic resonance (CMR) (17).
Thus, our findings are consistent with experimental (10) as well as clinical studies that found
co-localization of RGD-based tracer uptake with resting myocardial perfusion defects
(11,13,21), hypokinesia, (12) and late gadolinium enhancement (12,21). Of note, in line with
previous studies using other RGD-based tracers (12,21), [¢®Ga]Ga-NODAGA-RGD uptake was
also present in the peri-infarct border zones and in five patients without wall motion
abnormality at the time of the PET scan, indicating that it is a sensitive marker of recent
ischemic myocardial injury.

Myocardial infarct size determined by peak troponin was not an independent predictor of the
indexed [®®Ga]Ga-NODAGA-RGD SUVmax, indicating that ovBs integrin expression is also
dependent on factors other than the extent of myocardial injury. Our finding is consistent with
no association between 8F-Fluciclatide uptake and infarct size quantified by CMR early after
AMI in a previous study (12). However, other studies reported correlations between uptake of
other RGD-based tracers and infarct size at later time-points after AMI (31 + 14 days and 8
weeks) (13,21). Furthermore, an inverse relationship between 8F-Galacto-RGD uptake and
resting MBF was reported (13). In our study, [®®Ga]Ga-NODAGA-RGD uptake did not
correlate with MBF, which may be explained by [*°O]O-water PET measuring MBF in the
viable myocardium and only mildly reduced MBF in the AAR at the time of PET.

A novel finding in the present study is that in addition to LV dysfunction in the AAR, reduced
LVEF, impaired GLS, and high NT-proBNP were independent predictors of the [%8Ga]Ga-
NODAGA-RGD uptake. These findings are consistent with the key roles of hemodynamic

stress and pressure overload in modifying the responses of different cell types towards
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maintenance of cardiac function following injury (1). Taken together, our results are consistent
with the increased expression of avPs integrin after ischemic myocardial injury, and with the
intensity of [%8Ga]Ga-NODAGA-RGD uptake reflecting both regional and global LV
dysfunction, as well as increased LV filling pressure. Since global LV remodeling and
dysfunction are robust risk factors for heart failure and mortality after AMI (1,23), our findings

indicate that [®Ga]Ga-NODAGA-RGD uptake is a potentially relevant prognostic biomarker.

Uptake of [*8Ga]Ga-NODAGA-RGD and ventricular function after AMI

Despite improvements in acute management, AMI remains one of the most important causes
of chronic heart failure (1). Early identification of at-risk patients could provide the opportunity
for targeted therapies to attenuate adverse LV remodeling and systolic dysfunction (1). We
hypothesized that avPs integrin expression is a marker of myocardial repair and could be used

to predict improvement in LV function after AMI.

A novel finding of our study is that increased indexed [8Ga]Ga-NODAGA-RGD SUVmax Was
associated with improvement in global LV function at follow-up, independent of peak troponin
T, elevated NT-proBNP, and impaired LVEF. Our finding is in line with preclinical and clinical
data suggesting that increased oavfPs integrin expression after AMI predicts subsequent
improvement of regional LV function (12) and the absence of adverse remodeling (7,21).
However, in our study, [*8Ga]Ga-NODAGA-RGD was not directly associated with the
functional outcome of the myocardium in the AAR. This may be explained by this functional
outcome being mainly dependent on the extent of irreversible myocardial injury, whereas the
repair processes affects viable surrounding myocardium, impacting adverse LV remodeling and
global LV function (1).

Limitations of the study

We studied patients within 3—14 days after AMI on the basis of experimental studies indicating
that avBs integrin expression peaks at 1-3 weeks after index AMI (6). In favor of relatively
stable uptake, we did not find significant difference in the [%8Ga]Ga-NODAGA-RGD uptake
between patients scanned before or after 7 days after the index AMI. Our ability to detect
associations between the uptake of [¥Ga]Ga-NODAGA-RGD and changes in post-MI LV
structure and function may have been limited by the modest degree of changes and limited
number of patients with significant LV remodeling despite relatively long time from symptom

onset to revascularization. Although CMR provides more precise quantification of cardiac
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structure and function than echocardiography, echocardiograms were performed and analyzed
by experienced investigators according to a pre-defined protocol. Endothelial progenitor cells,
proposed to contribute to neoangiogenesis, were not measured, and their predictive value vs.
[(®Ga]Ga-NODAGA-RGD PET imaging for cardiac functional recovery will need to be
explored in future studies. Although formal power calculation was not feasible, the sample size
of 30 patients would be sufficient to detect difference in tracer uptake between those with and

without significant remodeling based on a previous experimental study (7).

Conclusion

In patients with AMI, [8Ga]Ga-NODAGA-RGD uptake was increased in the ischemic AAR,
correlating with the extent of myocardial injury, global and regional LV dysfunction, and LV
filling pressure. Furthermore, [®Ga]Ga-NODAGA-RGD uptake predicted global LV function
improvement at mid-term follow-up. These results suggest that targeted imaging of avfs

integrin is a potential approach to evaluate myocardial injury responses after AMI.
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Figures and legends

Fusion 58Ga-NODAGA-RGD 150-water 68Ga-NODAGA-RGD

0.75 Suv

Strain (baseline) ) Strain (follow-up)

Figure 1. Uptake of 68Ga-NODAGA-RGD 7 days after acute occlusion of the proximal left
anterior descending coronary artery. Panel A shows myocardial contours in [*°0]O-water
images, 68Ga-NODAGA-RGD uptake images, and corresponding fusion images. Panel B
shows polar maps of 68Ga-NODAGA-RGD uptake, resting myocardial blood flow (MBF),
and longitudinal strain at the time of PET and 6 months later. Note the reduced longitudinal
strain in the anteroseptal region at baseline and partial functional recovery at 6 months.
HLA=horizontal long axis, SA=short axis, SUV=standardized uptake value, VLA=vertical

long axis.
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Figure 2. At baseline, segmental uptake of [8Ga]Ga-NODAGA-RGD was higher in the area
at risk than in remote myocardium, and was highest in segments with myocardial injury

(longitudinal strain <13.5%).
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Figure 3. (A) Segmental uptake of [8Ga]Ga-NODAGA-RGD inversely correlated with
segmental longitudinal strain (r=—0.0355, p<0.001). (B) Increased NT-pro-BNP level predicted
[(3Ga]Ga-NODAGA-RGD uptake (SUVmax) in the area at risk (p<0.001). SUV=standardized

uptake value
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Figure 4. At follow-up, [®®Ga]Ga-NODAGA-RGD uptake (SUVmax) in the area at risk
predicted segmental improvement of longitudinal strain. SUV=standardized uptake value
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TABLE 1. Patient characteristics

Cohort (N=31)

Age (years)
Male sex
Body mass index (kg/m?)
Current smoking
Diabetes mellitus
Hypertension
Hypercholesterolemia
Family history of CAD
Time from symptoms to PCI (hours)
Culprit coronary artery territory
Left anterior descending artery
Circumflex artery
Right coronary artery
Post-PCI TIMI flow
Grade 2
Grade 3
Peak troponin T (ng/L)
Peak NT-proBNP (ng/L)
Total cholesterol (mmol/L)
LDL cholesterol (mmol/L)
Duration of hospital stay (days)
Loop diuretics

Inotropic medication

64.2+9.2
28 (90.3)
25.4+4.8
11 (35.5)
3(9.7)
13 (41.9)
17 (54.8)
9 (31)

4.9+6.1

15 (48.4)
7 (22.6)

9 (29)

10 (32.3)
21 (67.7)
3884.3+4391.7
979.4+871.5
4.2+1.1
2.9+0.9
3.7+1.8
10 (32.3)

7 (22.6)
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Medication at discharge

Aspirin 30 (96.8)
Statin 30 (96.8)2
ACEI/ARB 29 (93.5)
Beta blocker 25 (80.6)

Data are shown as mean = standard deviation or number (percentage).

ahigh-intensity statin in 27 (87.1%).

ACEI=angiotensin converting enzyme inhibitors, ARB= angiotensin receptor blockers,
CAD=coronary artery disease, LDL=low-density lipoprotein, PCl=percutaneous coronary

intervention
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TABLE 2. Echocardiography data

Baseline (N=31) Follow-up (N=30) p-value

LV end-diastolic volume (mL)
LV end-systolic volume (mL)
LV EF (%)

GLS (%)

LS in the area at risk (%)
Mitral E/A ratio

E/e’ ratio

94.7+£27.7 93.6+30.1
42.7+17.1 40.8+19.1
55.8+6.9 57.5%7.3
14.9+4.6 15.4+3.9
12.5+6.0 13.8+5.2
0.96+0.35 1.01+0.36
8.9+2.7 7.7+¥1.8

0.7

0.4

0.2

0.3

0.03

0.4

0.01

Data are shown as mean + standard deviation.

LV=left ventricular, EF=ejection fraction, GLS=global longitudinal strain
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TABLE 3. [®Ga]Ga-NODAGA-RGD and [**O]O-water positron emission tomography

data
Area at risk Remote area  p value
[8Ga]Ga-NODAGA-RGD SUVmax 0.727%0.16 0.529+0.14 <0.001
[8Ga]Ga-NODAGA-RGD SUVmean 0.652+0.15 0.511+0.11 <0.001
MBFmean 0.732+0.23 0.827+0.23 <0.001
Indexed [8Ga]Ga-NODAGA-RGD SUVmax 1.263+0.64 0.789+0.24 <0.001

Data are shown as mean = standard deviation. SUV=standardized uptake value, MBF=resting

myocardial blood flow
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TABLE 4. Predictors of [®Ga]Ga-NODAGA-RGD uptake in the area at risk after acute

myocardial infarction

Univariable analysis

Multivariable analysis

B coefficient (95% CI) R coefficient p value B coefficient (95% CI) R coefficient  p value
SUVmax
Age 0.001 (95%CI —0.005-0.008) 0.077 p=0.6
Peak troponin T 0.002 (95%CI 0.001-0.003) 0.603 p<0.001
Peak NT-proBNP  0.001 (95%CI 0.001-0.002) 0.605 p<0.001  0.001 (95%CI 0.001-0.002) 0.605 p<0.001
Baseline LV EF ~ —0.008 (95%CI —0.016-0.000) -0.348 p=0.055
Baseline GLS 0.016 (95%CI 0.004-0.028) 0.447 p=0.01
Area at risk LS 0.010 (95%CI 0.001-0.020) 0.394 p=0.02
Indexed SUVmax
Age ~0.002 (95%C1 —0.030-0.026) -0.033 p=0.8
Peak troponin T 0.011 (95%CI 0.008-0.015) 0.765 p<0.001  0.008 (95%CI 0.005-0.012) 0.542 p<0.001
Peak NT-proBNP 0.004 (95%CI 0.002-0.007) 0.561 p=0.002
Baseline LV EF ~ —0.067 (95%CI —0.093-0.041) -0.701 p<0.001 —0.045 (95%CI —0.067-0.023) —0.476 p<0.001
Baseline GLS 0.106 (95%CI 0.069-0.143) 0.741 p<0.001 0.061 (95%CI 0.014-0.109) 0.422 p=0.01
Area at risk LS 0.071 (95%CI 0.040-0.101) 0.668 p<0.001 0.035 (95%CI —0.002-0.071) 0.315 p=0.059

Covariates in the multivariable model were peak troponin T, peak NT-proBNP, and either LV EF, GLS, or area at risk

longitudinal strain. Peak troponin T is for a 100-unit increment and peak NT-proBNP is for a 10-unit increment.

Cl=confidence interval, SUV=standardized uptake value, L\V/=left ventricular, EF=gejection fraction, GLS=global longitudinal

strain,
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TABLE 5. Predictors of left ventricular function improvement at follow-up

B coefficient (95% CI) R coefficient  p value
Improvement in LV EF?
Age 0.004 (95%CI —0.001-0.009) 0.272 p=0.1
Peak troponin T 0.000 (95%CI —0.001-0.001) -0.071 p=0.7
Peak NT-proBNP 0.000 (95%CI —0.001-0.000) -0.228 p=0.2
SUVnmax in the area at risk 0.004 (95%CI —0.309-0.316) 0.005 p=0.9
Indexed SUVmax in the area at risk 0.047 (95%CI —0.031-0.125) 0.233 p=0.2
Baseline GLS 0.007 (95%CI —0.003-0.018) 0.260 p=0.1
Improvement in GLS?
Age 0.010 (95%CI —0.006-0.025) 0.232 p=0.2
Peak troponin T 0.004 (95%CI 0.002-0.007) 0.519 p=0.003
Peak NT-proBNP 0.002 (95%CI 0.000-0.004) 0.435 p=0.02
SUVmax in the area at risk 0.666 (95%CI —0.190-1.523) 0.288 p=0.1
Indexed SUVmax in the area at risk 0.319 (95%Cl 0.128-0.510) 0.550 p=0.002
Baseline LV EF —0.023 (95%CI1 —0.042—-0.004) —0.423 p=0.02

aAdjusted for baseline. Peak troponin T is for a 100-unit increment and peak NT-proBNP is

for a 10-unit increment.

Cl=confidence interval, LV=left ventricular, EF=ejection fraction, SUV=standardized uptake

value, GLS=global longitudinal strain
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Abstract
Background

Integrin alpha-V-beta-3 (avp3) pathway is involved in intraplaque angiogenesis and
inflammation and represents a promising target for molecular imaging in cardiovascular
diseases such as atherosclerosis. The aim of this study was to assess the clinical correlates
of arterial wall accumulation of 8Ga-NODAGA-RGD, a specific avf3 integrin ligand for
PET.

Materials and methods

The data of 44 patients who underwent 8Ga-NODAGA-RGD PET/CT scans were
retrospectively analyzed. Tracer accumulation in the vessel wall of major arteries was
analyzed semi-quantitatively by blood-pool-corrected target-to-background ratios. Tracer
uptake was compared with clinically documented atherosclerotic cardiovascular disease,
cardiovascular risk factors and calcified plaque burden. Data were compared using the

Mann-Whitney U test, Pearson correlation and Spearman correlation.

Results

%8Ga-NODAGA-RGD arterial uptake was significantly higher in patients with previous
clinically documented atherosclerotic cardiovascular disease (mean TBR 2.44 [2.03-
2.55] vs. 1.81 [1.56-1.96], p = 0.001) and showed a significant correlation with prior
cardiovascular or cerebrovascular event (r = 0.33, p = 0.027), BMI (o= 0.38, p = 0.01),
plaque burden (o = 0.31, p =0.04), and hypercholesterolemia (r = 0.31, p = 0.04).
Conclusions

8Ga-NODAGA-RGD holds promise as a non-invasive marker of disease activity in

atherosclerosis, providing information about intraplaque angiogenesis.
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Introduction

Cardiovascular atherosclerotic disease is the leading cause of death worldwide (1).
Atherosclerosis is a systemic condition consisting of the accumulation of fatty and/or
fibrous material in the subendothelial space (intima) of medium and large-sized arteries.
This process results in the formation of progressive inflammatory plaques that represent
the hallmark lesion (2). The development of atherosclerosis is an intricate process of
cellular alterations over a prolonged period. In atherosclerotic lesions, the combination
of macrophage infiltration and apoptotic death together with hypoxia-induced necrosis is
thought to promote neovascularization (3). Angiogenesis within the vessel wall is
comprised of a network of capillaries that arise from the adventitial vasa vasorum and
extend into the intimal layer. These capillaries are thought to be important regulators of
plaque growth and as a key factor in lesion instability. Increased density of capillaries is

associated with intraplaque hemorrhage and plaque rupture (3, 4).

Combined positron emission tomography and computed tomography (PET/CT) is a non-
invasive hybrid imaging technique that could potentially be used to measure
inflammatory activity within the vasculature, the most numerous publications being with
BE-FDG (5). However, a more straightforward marker of atherosclerosis, with less
physiologic uptake, no interaction with blood glucose and no requirement for a fasting
period before imaging could be of interest. Integrins avp3 are transmembrane
glycoproteins that are involved in the migration of activated endothelial cells during the
formation of new vessels. Integrins avp3 are expressed in endothelial cells, medial and
some intimal smooth muscle cells. Expression of avp3 integrin was also found in CD68-
positive macrophages in the shoulder of advanced plaques and in the perimeter of the
necrotic core of atherosclerotic lesions (6). Integrin avp3 contains a distinctive RGD-
amino acid sequence (arginine-glycine-aspartate) in the cell-ligand interaction site.
Hence, a few RGD-based PET agents have been tested for imaging integrin in
atherosclerosis, mainly in preclinical models (7-11), and in two recent clinical evaluations
(12, 13).

%8Ga-NODAGA-RGD is an emerging RGD-based PET radiotracer with strong affinity
for the avB3 integrin (14, 15). We hypothesized that ®8Ga-NODAGA-RGD may act as an
imaging marker of inflammation and angiogenesis in atherosclerosis. The purpose of this
study was to examine the relationship between arterial wall ®8Ga-NODAGA-RGD uptake

in large arteries and the incidence of atherosclerotic cardiovascular diseases.
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Methods

Patients

The population of this retrospective study consisted of consecutive patients who had been
referred to our institution for a #¥Ga-NODAGA-RGD PET/CT within clinical study
protocols. Included in this analysis were trials assessing tumoral angiogenesis
(NCT02666547, NCT03475134), cardiac lesions angiogenesis (NCT03809689), and
inflammatory atheromatous plaques in the carotid arteries (NCT01608516) (15). Patients
were included if they underwent a 8Ga-NODAGA-RGD PET/CT from vertex to mid-
thigh. Patients could not be included if they did explicitly refuse the retrospective use of

their data for research. All procedures performed in this study were in accordance with
the ethical standards of the institutional and/or national research committee and with the
1964 Helsinki declaration and its last amendments or comparable ethical standards. The
Ethics Committee Vaud (CER-VD) approved this retrospective study protocol (CER-VD
#2018 01513) and waived the need for patient informed consent for the study analysis.

Clinical data

Clinical data were collected retrospectively from the medical records of the patients.
History of atherosclerotic cardiovascular disease (ASCVD) was collected, according to
the strict same definitions as listed by Mach et al. (16), including previous acute coronary
syndrome (myocardial infarction or unstable angina), stable angina, coronary
revascularization (percutaneous coronary intervention, coronary artery bypass graft
surgery, and other arterial revascularization procedures), stroke and transient ischemic
attack, and peripheral arterial disease. Subjects with any type of clinically documented
ASCVD were classified into the ASCVD group. Subjects with no clinically documented
ASCVD were classified into the control group. Cardiovascular risk factors including age,
sex, body mass index (BMI), arterial hypertension, hypercholesterolemia, smoking
(current or former), and diabetes mellitus were also collected for every subject. Potential
last previous systemic anticancer therapies and time intervals between last systemic

anticancer therapies and PET scans were also collected. Because of the potential influence
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of statins on expression of vascular endothelial growth factor on monocytes, treatments

with statins were also recorded (17).

Image acquisitions

%8Ga-NODAGA-RGD PET/CT were performed at our hospital. Pregnancy was excluded
in women of childbearing age before each PET/CT. ®Ga-NODAGA-RGD PET/CT
images were acquired 63 [59-71] minutes after intravenous administration of 190 [175-
210] MBq of %8Ga-NODAGA-RGD in an antecubital vein followed by 10 mL of 0.9%

NacCl solution.

Images were acquired on a Discovery 690 TOF (GE Healthcare, Waukesha, WI, USA),
or a Biograph Vision 600 (Siemens Medical Solutions, Knoxville, USA) PET/CT.
Acquisitions were performed with 3 min per bed position (Discovery), or a continuous
flow mode (Biograph Vision). PET data were reconstructed using OSEM (Discovery: 3
iterations, 16 subsets; Biograph Vision: 4 iterations, 5 subsets). Head to mid-thigh
unenhanced CT was acquired for attenuation correction (Discovery: 120 kV, 40 mA, 0.8
s/rotation, pitch 0.9; Biograph Vision: 100 kV, 40 mA, 0.5 s/rotation, pitch 0.8).

Image analysis

Transaxial PET, CT, and fused ®Ga-NODAGA-RGD PET/CT images were analyzed
both visually and semi-quantitatively on a dedicated workstation (Syngo.Via, VB30

Siemens Healthcare), blinded to the patient's clinical information.

88Ga-NODAGA-RGD uptake
Maximal standardized uptake values (SUVmax) for ®%Ga-NODAGA-RGD were

measured in the following arterial segments: both common carotid arteries, ascending
aorta, aortic arch, descending aorta, abdominal aorta, and both iliac arteries, using a
previously validated method (18). Briefly, on axial coregistered PET/CT slices, simple
circular regions of interest (ROIs) were placed to cover arterial walls and lumen. For
those vessels of greater diameter, 1-cm diameter ROIs were placed along the arterial walls
and were slid along the arterial segments to locate the highest SUVmax within the tubular
arterial segment, avoiding areas of ®Ga-NODAGA-RGD spillover. For blood pool SUV

measurements, three different 1-cm diameter ROIs were placed in both the mid-lumen of
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the inferior and superior vena cava, and the SUVmean of the 6 measurements was
collected (blood pool activity = average of the 6 SUVmean measurements). SUVmax
were then corrected for blood pool activity to provide tissue-to-background ratios (TBR
= SUVmax / blood pool activity) measurements, as a measure of arterial tracer uptake
(18). The average TBR (mean TBR) was calculated for each patient, considering all
assessed segments. TBRaorta was the average of ascending aorta, aortic arch, descending
aorta, and abdominal aorta TBR measurements. TBRcarotid was the average of both
common carotid arteries TBR measurements. TBRiliac was the average of both iliac

arteries TBR measurements.

Plaque burden

The CT scans were examined for the presence of calcified plaque (high-density mural
areas with attenuation > 130 Hounsfield units) in the walls of the same arterial segments
investigated by PET (19). The amount of calcification was semi-quantitatively ranked

according to a previously validated scale (18):
- 0: absent calcified plaque,
- 1: small, calcified plaque covering less than 10% of the vessel circumference,
- 2: calcified plague involving 10%-25% of the vessel circumference,

- 3: calcified plaque involving 25%-50% of the circumference,

4: calcified plaque involving more than 50% of the vessel circumference.

The calcified plaque scores were then summed for the 8 areas (18).

Direct visual comparisons of %Ga-NODAGA-RGD foci on PET/CT images to

calcification sites on CT images

To understand if ®8Ga-NODAGA-RGD foci are located or not in calcified plaques on CT
images, visual comparisons of highest ¥ Ga-NODAGA-RGD foci to calcification sites on
CT were evaluated within the fifty tubular arterial segments with the highest TBR

measurements.
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Statistics

We assessed the distribution of data with the Shapiro-Wilk test. Continuous parametric
variables were expressed as mean + SD and compared using Student’s t-tests.
Nonparametric data were presented as median [interquartile range] and compared using
the Mann-Whitney U test. Categorical variables were collected as numbers (n) and
percentages (%) and compared using the chi-square test or Fisher exact test. Pearson
correlation analysis (r) or Spearman correlation analysis (o) were used to correlate mean
TBR with prior cardiovascular and cerebrovascular event, age, sex, BMI, arterial
hypertension, hypercholesterolemia, smoking, and diabetes mellitus. A p value less than
or equal to 0.05 was considered statistically significant. The statistical analysis was
performed using R version 4.0.3 (R Foundation for Statistical Computing, Vienna,
Austria).

Results

Patients

In total, fifty-six patients underwent a 88Ga-NODAGA-RGD PET/CT at our institution
and forty-four patients could be included retrospectively. A flowchart of the study design
is shown in Figure 1. Clinical characteristics of the patients are reported in Table 1.
Thirty-nine of forty-four patients (89%) were referred within oncologic studies and five

of forty-four patients (11%) were referred before carotid endarterectomy.

Eight of the forty-four patients (18%) had previous myocardial infarction, coronary
revascularization, stroke or transient ischemic attack, and/or peripheral arterial disease
and were thus classified into the ASCVD group. The thirty-six remaining patients (82%)
were classified into the control group. All the five patients referred for carotid
endarterectomy were included in the ASCVD group. In this group, the three remaining
patients were referred for esophagus, lung, and head and neck tumors. The median age
was higher in the ASCVD than in the control group, and the ASCVD group included a
higher proportion of men as compared to the control group (respectively 64 years [61-72]
vs. 59 years [50-65], p = 0.059, and 7 men of 8 patients; 87%, vs. 17 men of 36 patients;
46%, p = 0.054). The ASCVD group included a higher prevalence of hypertension (5 of
8 patients; 62%) as well of hypercholesterolemia (6 of 8 patients; 75%), as compared to
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the control group (respectively 8 of 36 patients; 23%, p = 0.037, and 6 of 36 patients;
17%, p = 0.003). BMI, smoking and diabetes mellitus did not significantly differ between

the two groups.

All the 39 oncology patients were referred for baseline PET/CT before receiving
additional treatments (chemotherapy, anti-angiogenic therapy, or surgery). Among them
14 patients had previous systemic anticancer therapies, with a median time interval of
113 [22-189] days between last systemic anticancer therapies and PET scans. The last
previous systemic anticancer therapy for each of these 14 patients and time intervals
between last systemic anticancer therapies and PET scans are shown in Table 2. None of
these last previous systemic anticancer therapies included antiangiogenic drugs. Six

patients had systemic anticancer therapy within 4 weeks before imaging.

When the mean TBR values were compared, there was no difference between patients
who had previous systemic anticancer therapies and patients who had not previous
systemic anticancer therapies (1.84 [1.57-1.89] vs. 1.89 [1.62-2.24] respectively, p =
0.33).
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Patients referred in Centre Hospitalier
Universitaire Vaudois from January 2012
to August 2020 for ®¥Ga-NODAGA-RGD

PET/CT scans within clinical study
protocols (n = 56)

Not included (n = 12)

- Patient having expressed explicit
_| refusal for the retrospective use of his
| data for research

- PET-scan not acquired from vertex
to mid-thigh

v
Patients included for analysis (n = 44)

Patients with clinically documented
atherosclerotic cardiovascular

disease (ASCVD), including Patient without clinically
previous acute coronary syndrome, documented atherosclerotic
stable angina, coronary cardiovascular disease (n = 36)

revascularization, stroke and
transient ischemic attack, and
peripheral arterial disease (n = 8)

Fig. 1 Flowchart

Arterial Wall 8Ga-NODAGA-RGD uptake and plaque burden

In the entire group of 44 patients, a total of 352 arterial segments were evaluated and
statistically analyzed. The PET/CT was acquired on the Discovery PET/CT in 28 patients
and on the Biograph Vision PET/CT in the remaining 16 patients. When blood pool
activities were compared, no significant difference was found between Discovery
PET/CT and Biograph Vision PET/CT acquisitions (1.03 [0.87-1.18] g/mL vs. 1.11
[0.91-1.23] g/mL respectively, p = 0.25). Furthermore, when the mean TBR values were
compared, there was no difference between patients who had Discovery PET and patients
who had Biograph Vision PET (1.77 [1.56-2.10] vs. 1.89 [1.81-2.03] respectively, p =
0.37).

The highest TBRs were documented in the descending and abdominal aorta (1.97 [1.72-
2.33] and 2.09 [1.69-2.57], respectively) whereas the lowest TBRs were seen in the
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ascending aorta and common carotid arteries (1.67 [1.39-2.05] and 1.57 [1.31-1.78],
respectively). Among the fifty tubular arterial segments with the highest TBR

measurements, 13

Table 1 Patient characteristics

(26%)

highest 8Ga-

Characteristics

Data

Patients (n)
Sex (n)
Men
Women
Age (y)
Body mass index (kg/m?)
Previous clinically documented ASCVD*
Coronary revascularization’
Myocardial infarction
Stroke and transient ischemic attack
Peripheral arterial disease
Statin therapy (n)
Acetylsalicylic acid treatment
Systemic inflammatory disease
Rheumatoid arthritis
Ulcerous-hemorrhagic recto-colitis
Cardiovascular risk factors (n)
Arterial hypertension
Hypercholesterolemia
Smoking (current or former)
Diabetes mellitus
Type of disease (n)
Head and neck tumors
Melanoma
Esophagus carcinoma
Carotid endarterectomy
Lung carcinoma
B-cell ymphoma
Ovarian cancer
Pancreatic cancer
Stomach cancer
Leiomyosarcoma
Breast cancer

Glioma

44

24 (55%)
20 (45%)
60 [53-66]
28+4

19 (43%)
4 (9%)

10 (23%)
10 (23%)
6 (14%)
11%)
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*ASCVD: atherosclerotic cardiovascular disease

T Percutaneous coronary intervention or coronary artery bypass graft surgery
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NODAGA-RGD foci did correspond to CT calcification, and 37 (74%) foci did not
correspond to CT calcification. Examples of foci of 8Ga-NODAGA-RGD arterial uptake

are shown in Figure 2. Calcified plaque scores were the highest in the abdominal aorta (2

[0-4]).

Table 2 Description of the last previous systemic anticancer
therapy and the time interval between the last systemic
anticancer therapy and the PET scan for each of the 14
concerned patients

Patient Last previous systemic anticancer therapy

Type of therapy Days
before PET
scan

1 Trastuzumab, cisplatine pertuzumab 127
2 Cyclophosphamide, oxaliplatine, adriamycin 288
3 Carbotaxol 100
4 Nab-paclitaxel 9
5 Cobimetinib, vemurafenib 28
6 Dabrafenib, trametinib 16
7 Cisplatin, vindesine 20
8 Nivolumab, ipilimumab 208
9 Nivolumab 131
10 Spartalizumab 321
11 Pembrolizumab 130
12 Nivolumab, ipilimumab 46
13 Encorafenib binimetinib 1
14 Pembrolizumab 378

Clinical baseline characteristics and plaque burden correlation

Prior cardiovascular or cerebrovascular event significantly correlated with %8Ga-
NODAGA-RGD mean TBR (r = 0.33, p = 0.027). ®Ga-NODAGA-RGD mean TBR also
showed a significant correlation with BMI (p = 0.38, p = 0.01), plaque burden (o = 0.31,
p = 0.04; Figure 3), and hypercholesterolemia (r = 0.31, p = 0.04). There was no
significant correlation between ®Ga-NODAGA-RGD mean TBR and smoking, age,
diabetes mellitus and arterial hypertension. Interestingly, ®Ga-NODAGA-RGD mean
TBR showed nevertheless a tendency for a higher uptake in diabetic patients (2.21 [1.83-
2.68] in diabetic patients vs. 1.84 [1.54-2.02] in non-diabetic patients, p = 0.14; Figure
4),
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Quantitative assessment across groups

Quantitative assessment is reported in Table 3. With blood-pool activities being
comparable between both groups (0.98 [0.89-1.06] g/mL in the ASCVD group vs. 1.07
[0.89-1.27] g/mL in the control group, p = 0.39), mean TBR (Figure 3) and TBRaorta of
68Ga-NODAGA-RGD were significantly higher in the ASCVD group as compared to the

control group (respectively 2.44

Fig.2 CT(A, D, G), PET/CT (B, E, H) and PET images (C, F, 1) in axial views show foci of ®®Ga-NODAGA-RGD arterial uptake in partly calcified
atherosclerotic lesions (arrows): (A, B, C) in wall of arch aorta in a 62-year-old man who had a myocardial infarction 5 months before PET imaging;
(D, E, F) in wall of abdominal aorta in a 54-year-old man who had a transient ischemic attack one week before PET imaging; (G, H, 1) in wall of arch
aorta in a 74-year-old woman who had a myocardial infarction 33 months before PET imaging

[2.03-2.55] vs. 1.81 [1.56-1.96], p = 0.001; and 2.51 [2.31-2.81] vs. 1.86 [1.62-2.04], p =
0.001). TBRcarotid and TBRiliac showed a tendency for a higher uptake in the ASCVD
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group (respectively 1.69 [1.66-2.26] vs. 1.49 [1.27-1.77], p = 0.08; and 2.43 [1.68-2.93]

vs. 1.92 [1.55-2.14], p = 0.098).
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Fig. 3 A Scatterplot showing correlation of mean TBR of
%8Ga-NODAGA-RGD uptake and calcified plague scores summation
of eight arterial segments on per-patient basis. B Box plot showing
mean TBR for all patients, separated into those with clinically
documented atherosclerotic cardiovascular disease (ASCVD
group), and those without clinically documented atherosclerotic
cardiovascular disease (control group)
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Discussion

Our main results are that Ga-NODAGA-RGD arterial wall uptake was higher in patients

with previous clinically documented ASCVD and correlated with prior cardiovascular or

cerebrovascular event and with progressive atherosclerotic plaque burden. Our study
would suggest that ®Ga-NODAGA-RGD holds promise as a non-invasive marker of
disease activity in atherosclerosis, providing information on key features of high-risk

atheroma: inflammation and angiogenesis.

3.0

25

meanTBR

15

_—

T T
Non-diabetic patients diabetic patients
Fig. 4 Box plot showing mean TBR for all patients, separated into
non-diabetic patients and diabetic patients

Table 3 Quantitative assessment per group

Characteristic ASCVD® group Control group p

Patients (n) ] 36 Between
groups

Mean TBR 244[203-255] 1.81[1.56-1.96] 0.001

TBR., 15 251[2.31-281] 1.86[1.62-2.04] 0001

TBR, o1 1.69 [1.66-2.26] 1.49[1.27-1.77] 0.8

TBR 243[168-2.93] 1.92[1.55-2.14] 0.098

Blood pool activity (g/mL) 0.98 [0.89-1.06] 1.07[0.89-1.27] 039

5 ASCVD atherosclerotic cardiovascular disease
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Both inflammation and angiogenesis processes are associated with atheroma progression,
plaque rupture and clinical events. The necrotic core in culprit plaques forms as result of
increasing inflammation (20). In response to pro-atherogenic stimuli, activated
monocytes infiltrated within the intima and differentiate into pro-inflammatory

macrophages (21). While progressing, atherosclerotic plaques will develop a lipid-rich or

necrotic core, resulting from the apoptosis of the resident pro-inflammatory macrophages
(20). Pro-inflammatory macrophage activities within the atherosclerotic plaque lead to
the weakening of the protective fibrous cap, mediated by the matrix metalloproteinases,
that degrade the extracellular matrix components, predisposing it to rupture (22).
Angiogenesis is believed to occur in response to hypoxic conditions within the necrotic
core. Indeed, increasing wall thickness during atherosclerosis lead to a reduction of the
intravascular oxygen amount, a situation further exacerbated by the increased oxygen
consumption of high metabolic activated inflammatory cells within the atherosclerotic
plaque (23). Vascular endothelial growth factor further modulates the activation state of
the adventitial vasa vasorum endothelial cells to a highly migratory and proliferative state,
resulting in neovessels formation towards the base of the plaque (24). Neovessels, arising
from the adventitial vasa vasorum, grow into the base of progressive atherosclerotic
lesions and provide an alternative entry pathway for monocytes and immune cells. The
plaque neovessels are fragile and leaky, giving rise to local extravasation of plasma
proteins and erythrocytes (25). Plaque hemorrhage itself results in a pro-inflammatory

response, plaque destabilization and clinical events (3-4).

The use of the PET technique to visualize inflammation in vivo in atherosclerosis in large
arteries has been performed with success using tracers such as ¥F-FDG, DOTA-derived
somatostatin analogs, or ®Ga-Pentixafor (18, 26-28). A non-invasive imaging technique
that can inform about the activity of two adverse pathological processes, namely
inflammation and angiogenesis, might therefore be even more accurate in identifying
patients with active high-risk atheroma and potentially predicting risk of rupture. Hence,
over the past decade, pre-clinical studies using RGD-based tracers have shown interesting
results. In vivo imaging with a small animal PET/CT demonstrated *F-galacto-RGD PET
signal corresponding to the advanced calcified plaques of the aortic arch region of
hypercholesterolemic mice (11). Another study on atherosclerotic mice showed
accumulation of %8Ga-DOTA-RGD into aortic plaques (9). The role of a single photon

emission computed tomography **"Tc-RGD-based probe in detection of inflammation in
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mouse models of carotid arteries remodeling has been demonstrated (8). More recently,
Su et al. demonstrated a 8F-labeled RGD preferentially binds to aortic plaque in an ApoE
knock out mouse model of atherosclerosis, and Golestani et al. demonstrated a good
correlation between ®F-RGD-K5 uptake and intraplaque neovessels density in carotid

endarterectomy specimens (7, 10).

The discussion about the assessment of the atherosclerotic inflammatory activity as a
marker of plague vulnerability relies among others on data showing that non-obstructive
coronary artery disease is responsible for most acute coronary syndromes (29, 30).
Moreover, some data from catheterization laboratories have shown a high proportion of
significant stenosis (>70% reduction of the coronary lumen) of culprit lesions in patients
presenting with ST-segment elevation myocardial infarction (31). In the same line, it has
been demonstrated that acute coronary event resulting from obstructive coronary plaque
with prior inducible ischemia have better outcome in comparison to acute coronary event
from non-obstructive coronary plaque without prior inducible ischemia (32). The
protective adaptative changes resulting from the myocardial preconditioning could
explain these different outcomes depending on the severity of the artery lumen stenosis
and the presence of inducible ischemia prior acute coronary event (33). Nevertheless,
these observations further confirm that other criteria above the solely angiographic
evaluation of the coronary plaque stenosis should be considered. For this purpose, %8Ga-
NODAGA-RGD PET/CT may aid our pathophysiological understanding of this
important condition and help to identify patients at increased risk of adverse

cardiovascular events.

Even if some previous literature reported on the role of RGD-based tracers in the imaging
of atherosclerosis in humans, it needs to be further established. Thus far, only two recent
studies have evaluated the imaging of atherosclerotic lesions with RGD-based PET agents
in humans. Beer et al. documented the expression of avp3 integrin in macrophage
infiltrates of plaque specimens obtained from a small sample of patients with high-grade
carotid artery stenosis (12). Jenkins et al. have demonstrated that in vivo expression of
avP3 integrin with *F-fluciclatide PET/CT in human aortic atheroma is associated with
plaque burden and is increased in patients with recent myocardial infarction (13). Our

results are consistent with the promising results of these existing findings.

Regarding the colocalization of arterial uptake foci and calcification sites, the findings of

this study add novel observations about RGD uptake in atherosclerotic lesions. In the
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present study, around 26% of 88Ga-NODAGA-RGD highest uptake foci were colocalized
to calcification. Our study suggests that 8Ga-NODAGA-RGD accumulation particularly
occurs mainly in the noncalcified vessel wall, which may indicate some association with
pathophysiologic processes found in early atherosclerotic disease, whereas calcification

is seen in more advanced lesions (20, 24).

When analyzing the intensity of ®Ga-NODAGA-RGD uptake in arterial segments, the
measured TBRs were comparable with those for other established tracers used for plaque
imaging. In the present study, the median intensity of tracer uptake as determined by TBR
was 1.84 [1.62-2.04]. In a study using *®F-sodium fluoride for visualization of
microcalcification in plaque, mean TBR was 2.3 + 0.7 (34). In another study using %8Ga-
Pentixafor, mean TBR was 2.0 £ 0.5 (27). In a study on vascular FDG uptake, mean TBR
in the abdominal aorta was 1.57 + 0.35 (18).

Holding promise as a marker of disease activity, targeting the integrin avp3 pathway
could also represent an attractive therapeutic strategy in atherosclerosis. Humanised
monoclonal antibodies against integrin avp3 (etaracizumab) have been developed (35).
And researchers develop attractive therapeutic strategies conjugating RGD to delivery
systems (e.g., nanoparticles) to selectively deliver the chemotherapeutic agents to cells

expressing integrin avp3 (36).
Limitations

Because integrins avp3 are expressed in neovessels in plaques but also in CD68-positive
macrophages, we are unable to ascertain whether %Ga-NODAGA-RGD was binding
preferentially to one or the other of these processes. However, non-selectivity between
inflammation and angiogenesis is not necessarily a disadvantage. Both inflammation and
angiogenesis are hallmark of unstable atheroma and to combine both processes could be
of additional value. There was no histopathological correlation in our study to examine
the relation between avp3 integrin expression by %Ga-NODAGA-RGD uptake and
plaque composition. One other limiting factor is the relatively lower spatial resolution of
PET systems compared with other imaging techniques. Further developments in hybrid
imaging promise to enhance the scope of molecular imaging. Although the use of %8Ga is
widespread with ease of use and good availability of this radioisotope through a ®3Ge/%®Ga
generator, the lower positron energy of F compared to %8Ga could potentially improve

spatial resolution and reduce blurring effects. Given the difficulty in identifying the exact
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borders of the coronary arteries on the non-contrast-enhanced and non-gated CT image
scans, we did not evaluate the coronary arteries. The 2 different PET camera systems
have resulted in different imaging quality, but no significative difference was found
between mean TBR values of patients who had a Discovery PET and of patients who had
a Biograph Vision PET. The impact of previous anticancer therapies on vascular
inflammation cannot be excluded (although none of the last previous systemic anticancer
therapies included antiangiogenic drugs, and only 6 patients (7%) had systemic anticancer
therapy within 4 weeks before imaging). Furthermore, given the relatively limited number
of patients studied using univariate analyses, with a heterogeneous sample, we cannot

exclude confounding of our results by other confounding factors.

Conclusion

In conclusion, among consecutive patients who had been referred to our institution for a
8Ga-NODAGA-RGD PET/CT, ®Ga-NODAGA-RGD arterial uptake correlated with
prior cardiovascular or cerebrovascular event and plaque burden and was increased in
patients with previous clinically documented ASCVD. Although further study is required,
our data suggest that RGD-based tracers hold promise as a non-invasive marker of disease
activity in atherosclerosis, providing information on inflammation and angiogenesis, with

clinical significance.
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The theranostic approach represents a successful paradigm in oncology, in which the same
molecule is used for diagnosis and subsequent therapy by changing only the associated isotope.
Somatostatin receptor subtype-2 (SST2) targeted peptide receptor radionuclide therapy (PRRT)
with Lutetium-177 DOTA-0-Tyr3-Octreotate (*’’Lu-DOTATATE) has shown considerable
good results for the treatment of neuroendocrine tumors (NET) (1). PRRT allows for the
delivery of radionuclides directly to cells which express high levels of SST2, and SST2 targeting
positron emission tomography (PET) studies play an important role for NET staging and patient
selection before PRRT. Activated macrophages are involved in the pathophysiology of
atherosclerosis, and the SST: is also overexpressed on the surface of activated macrophages
(2). It was recently demonstrated that %8Ga-DOTATATE, an SST2-PET ligand, could identify
proinflammatory macrophages within coronary atherosclerotic plaques (3). We hypothesized
that 1’’Lu-DOTATATE therapy might reduce coronary artery inflammation, as quantified on
SST2-PET studies.

The study group consisted of 19 consecutive patients referred to our institution for PRRT with
7Lu-DOTATATE, with baseline and follow-up SST2-PET/CT scans available (n=38). The
Ethics Committee Vaud (CER-VD) approved this retrospective study protocol (CER-VD 2018-
01513).

The mean patients’ age was 63+12 years [range 44-84], and 12/19 (63%) of the patients were
women. Five patients had hypertension, four had dyslipidemia, four were former or current
smokers, two had renal impairment, two had diabetes mellitus, one had peripheral arterial
disease, and none had history of known coronary artery disease. One patient was taking statins.
Eight patients were undergoing octreotide or lanreotide therapy. A single patient had systemic
anticancer therapy within 6 weeks before imaging (sunitinib six days before the baseline SST»-
PET/CT scan).

All patients received 4 cycles of 1"/Lu-DOTATATE with a mean cumulative activity of 265
GBq [range 16-30]. Standard images were acquired with 77£17 min [range 53-104] after
intravenous injection of 143+34 MBq [range 77-202] ®Ga-DOTATATE (n=21) or ®8Ga-
DOTATOC (n=17). PET/CT scans were examined using the previously validated maximum
target-to-background (TBRmax) quantification, blinded to the patient’s clinical information (4).
Three-dimensional spherical regions of interest were drawn around focal SST2-PET ligand
uptakes in the proximal and midportions of the three main coronary arteries on fused PET/CT
slices to quantify the maximum standard uptake value (SUVmax). TBRmax values were

calculated by dividing the coronary SUVmax by the blood pool activity measured in the center
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of the right atrium (SUVmax of spherical volumes of interest at the level of the right coronary

artery ostium: volume 3 cm?®). T-test and Fisher exact test were used.

SST2-PET ligands exhibited low background myocardial binding, rendered all scans
interpretable. At baseline, 5 focal coronary uptakes were distinguishable in 4 patients (21%),
coinciding with CT macrocalcification in 2 sites. The presence of focal coronary uptakes on
SST2-PET/CT scans at baseline was associated with a higher Framingham risk score (11+7%
vs. 23+10%; p = 0.015). When the presence of focal coronary uptakes at baseline was
compared, there was no difference between patients who were under octreotide or lanreotide
therapy (2 of 8 patients; 25%) and patients who were not under octreotide or lanreotide therapy
(2 of 11 patients; 18%, p > 0.9). On follow-up SST2-PET scans 116447 days [range 83-263]
after last cycles of therapy, we observed a significant reduction on a lesion-based analysis
(TBRmax, 1.69+0.34 [range 1.29-2.03] vs. 0.82+0.18 [range 0.54-1.00], p = 0.023, Fig. 1).

Importantly, no new focal high uptake was found.

Fig. 1. (A) Initially focal SST,-PET ligand uptake (TBRmax 2.0) in the left main coronary artery (white arrow). (B) It declined after 4 cycles of '7’Lu-DOTATATE (TBRmax 0.78)
(white arrow).

(A) Captation focale du ligand SST> (TBRmax 2,0) au niveau de I'artére coronaire interventriculaire antérieure sur la TEP initiale (fléche blanche). (B) Cette captation diminua en intensité
aprés 4 cycles de thérapie par '7”Lu-DOTATATE (TBRyax 0,78) (fléche blanche).
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Fig. 2. Per-lesion temporal changes after PRRT in SST,-PET ligand coronary uptake.

Changements apreés radiothérapie interne vectorisée de l'intensité des captations focales
visualisées au niveau des arteéres coronaires sur les TEP aux ligands des récepteurs SST2.

This retrospective study was neither placebo-controlled or randomized, and this analysis was
limited by the inclusion of only a small number of patients, with concomitant oncologic disease.
Given that no ECG-gated coronary CT angiogram was performed, the present study did not
allow an estimation of plaque morphology or characteristics. One of the responding patients

was already taking long-term statin therapy.

Our observations are consistent with Shatka et al. who previously showed a PRRT-related
reduction of DOTATATE uptake in large vessels (5) and with this report we aim to expand this
paradigm for coronary arteries. Our dataset indicates that ’/Lu-DOTATATE therapy has the
potential to reduce persistent coronary atherosclerotic plaque inflammation. This could be of

importance, since such treatments at very low activities could be directly administered locally
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Table 1
SST2-PET/CT scans per patient analysis.
Analyse des TEP/TDM aux ligands des récepteurs SST2 selon chaque patient.

Patient Woman Age BMI Framingham Octreotide or Presence of Localization Coinciding CT Baseline Follow-up
risk score lanreotide therapy  focal coronary macrocalcification  TBRnax TBRmax
uptakes at baseline

0

72 17 108

1 1 0
2 0 48 22 68 1 0

3 0 59 28 284 1 0

4 0 76 25 300 0 1 RCA 1 1.29 0.54

5 1 55 44 84 0 0

6 1 53 22 48 0 0

7 0 69 21 292 1 1 LCx 1 1.87 0.9

8 1 75 22 14.1 1 0

9 1 84 21 25.1 1 1 M 0 137 0.89

10 1 4 34 42 0 0

11 1 70 20 18.0 1 0

12 1 50 32 27 1 0

13 1 74 16 124 1 0

14 1 7 21 115 0 0

15 1 63 52 13.1 0 0

16 0 69 20 196 0 0

17 1 55 34 76 0 1 LAD/LCx 0/0 203193  0.78/1.0
18 0 47 19 97 0 0

19 0 55 21 99 0 0

=
w
=

max: target-to-background; RCA: right coronary artery; LM: left main coronary artery; LCx: left circumflex coronary artery; LAD: left anterior descending artery.

in the coronary arteries reducing further the risk of systemic relevant radiation burden. Our

hypothesis-generating analysis would require confirmation in a prospective trial.
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Abstract

Background

The most reliable quantitative variable on Rubidium-82 (8?Rb) cardiac PET/CT for predicting
major adverse cardiovascular events (MACE) has not been characterized with low-dose silicon
photomultipliers (SiPM) technology, which allows halving injected activity and radiation dose
delivering less than 1.0 mSv in a 70-kg individual.

Methods and Results

We prospectively enrolled 234 consecutive participants with suspected myocardial ischemia.
Participants underwent 8’Rb cardiac SiPM PET/CT (5 MBq/kg) and were followed-up for
MACE over 652 days (interquartile range: 559751 days). For each participant, global stress
myocardial blood flow (stress MBF), global myocardial flow reserve (MFR), and regional
severely reduced myocardial flow capacity (MFCsevere) Were measured. The Youden index was
used to select optimal thresholds.

In multivariate analysis after adjustments for clinical risk factors, reduced global stress MBF
<1.94ml/min/g, reduced global MFR <1.98, and regional MFCsevere >3.2% of left ventricle
emerged all as independent predictors of MACE (HR 4.5, 3.1, and 3.67, respectively, p<0.001).
However, only reduced global stress MBF remained an independent prognostic factor for
MACE after adjusting for clinical risk factors and the combined use of global stress MBF,
global MFR, and regional MFCsevere impairments (HR 2.81, p=0.027).

Conclusion

Using the latest SiPM PET technology with low-dose 8Rb halving the standard activity to
deliver <1 mSv for a 70-kg patient, impaired global stress MBF, global MFR, and regional
MFC were powerful predictors of cardiovascular events, outperforming traditional
cardiovascular risk factors. However, only reduced global stress MBF independently predicted

MACE, being superior to global MFR and regional MFC impairments.
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Introduction

Myocardial perfusion imaging is a powerful non-invasive functional tool for risk stratification,
recommended by clinical practice guidelines (1-5). Compared with relative perfusion images,
absolute quantification of myocardial blood flow (MBF) by positron emission tomography
(PET) could improve risk stratification (6). Global and regional perfusion provide information
on different aspects of myocardial perfusion. Impairment in global perfusion may be caused by
either multivessel epicardial disease or microcirculatory dysfunction. Regional absolute
perfusion measurements may enable the additive detection of small regional defects caused by
epicardial coronary artery disease (CAD), which could not be detected with average global
perfusion measurements (6).

The myocardial flow capacity (MFC) concept is a precise regional approach integrating both
MFR and stress MBF through the pathophysiologic severity of CAD to depict regional
quantitative flow metrics on a per pixel basis (6, 7). MFC may overcome some of the limitations
of using stress MBF or MFR alone and represents a promising tool to improve clinical decision-
making (7-9). However, despite a robust conceptual validation and recently promising clinical
data especially after revascularization, further validations of the prognostic potential of MFC
in comparison to stress MBF and MFR are still needed (8-10).

Silicon photomultipliers with digital readout (SiPM) PET represents a major advancement in
PET technology. This new system including smaller crystals exhibits a much higher sensitivity
and outperforms previous PET scanners using conventional photomultiplier tubes according to
essential PET parameters such as spatial and timing resolution or noise-equivalent count-rate
(11). Moreover, this novel technology allows for the reduction of the standard dose, with an
improved image quality (12). Although research about the diagnostic accuracy of this dedicated
SiPM PET system has been performed in a preliminary comparative study with a small sample
size (13), no previous study has evaluated the prognostic value of PET myocardial perfusion
imaging with SiPM.

The aim of this study was to prospectively compare on a low-dose SiPM PET camera, halving
the activity and radiation dose of Rubidium-82 (82Rb), the prognostic value for cardiovascular
events of stress MBF, MFR, and MFC.

Methods

Study Population

We prospectively enrolled participants with clinical suspicion of myocardial ischemia (at the
discretion of the referring clinician) to undergo 82Rb cardiac SiPM PET/Computed
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Tomography (CT) between June 2018 and June 2019 at the Lausanne University Hospital.
Participants’ cardiovascular risk factors and medication use were ascertained at time of PET
imaging. A history of CAD (“known CAD”) was defined as evidence of myocardial infarction
(MI), previous percutaneous coronary intervention (PCI) or coronary artery bypass graft
(CABG), or angiographically significant coronary stenosis (>50% of the left main coronary
artery or >70% stenosis in any epicardial coronary artery). All procedures performed in this
study were in accordance with the 1964 Helsinki declaration and its last amendments or
comparable ethical standards. The Local Ethics Committee approved this study protocol

(#PB_2017-00634), and all participants gave written informed consent prior to inclusion.

Imaging protocol with SiPM 8Rb PET/CT

For each participant, a rest and adenosine or regadenoson stress SiPM PET/CT scan was
performed, using a single dedicated camera (Biograph Vision 600, Siemens Medical Solutions,
Knoxville, USA). Participants were instructed to fast for 6 h and avoid caffeine-containing food
or beverages 24 h prior to the test. At rest, a 15-25 s intravenous (i.v.) infusion of low-dose (5
MBa/kg) #Rb (Ruby-Fill® generator and #Rb elution system [v3], Jubilant DraxImage,
Kirkland, QC, Canada) was administered with an automatic infusion system and three-
dimensional (3D) dynamic PET images were acquired starting at the beginning of the infusion
over 6 min19s (12 x8,5x 12,1 x 30,1 x 60, and 1 x 120 s). A second acquisition was then
started following the same protocol with similar activity 2 min after the beginning of an
adenosine infusion (140 mg/kg/min over 6 min) or following a regadenoson administration (400
pg over 10 s). A low-dose CT (100 keV, 16 mAs) transmission scan was used for attenuation
correction. Images were reconstructed by ordered subsets expectation maximization algorithms
(4 iterations, 5 subsets, 4.0 mm Full Width at Half Maximum (FWHM) gaussian post-filter,
220 x 220-pixel matrix size). Blood pressure, heart rate, and a 12-lead ECG were recorded
throughout the procedure. The radiation dose for a 70 kg participant was estimated to be 2 x
0.39 mSv for rest and stress 8Rb, and 1 x 0.17 mSv for the low-dose attenuation correction CT

plus CT scout, resulting in a total dose of 0.95 mSv.

Usual quantitative myocardial perfusion analysis

Perfusion was assessed quantitatively measuring MBF in milliliter per minute per gram at rest
and stress, using the highly automated FlowQuant v2.7 software (Ottawa, Ontario, Canada),
with a 1-tissue compartment model with a flow-dependent extraction correction (14). MFR was

calculated as followed: MFR = stress MBF/rest MBF. Rate-pressure product adjusted rest MBF
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and MFR were determined to account for high resting heart rate or systolic blood pressure by
multiplying rest MBF by 8500 mmHg/min and dividing by rate-pressure product (resting heart
rate multiplied by resting systolic blood pressure). To reduce the potential spillover in image-
derived blood activity curves, a dual spill-over correction was systematically applied (15).
Global partial-volume recovery correction and motion correction were also systematically
applied (16).

Myocardial flow capacity

MFC, developed by Johnson and Gould using 82Rb PET imaging, is a metric that integrates per
pixel combination of resting MBF, stress MBF and MFR into pathophysiologic severity
categories by an integrated color map (7-9). MFC pixels (n=513 on the polar map) having both
MFR < 1.5 and stress MBF < 1.1 mL/min/g were defined as severely reduced MFC (MFCsevere)
and were quantified as percent of left ventricle (LV). Because regional MFCsevere Was the MFC
category previously associated with the higher risk among all MFC category, only regional

MFCsevere Was included for MFC in this prognostic study (8, 9).

Clinical follow-up

The endpoint of the study was major adverse cardiovascular event (MACE), defined as cardiac
death, MI, delayed revascularization (> 6 months post-PET/CT), hospitalization for congestive
heart failure or de novo stable angina. Early revascularizations observed within the first 6
months post-PET/CT were considered to have been triggered by the myocardial perfusion study
and were excluded. Death from cardiac cause was defined as death from M, congestive heart
failure, valvular heart disease, sudden death, death without a witness or of unknown cause, and
cardiac interventional/surgical procedure related. Hospitalization for de novo stable angina was
defined as angina or chest pain of cardiac origin and requiring further investigations and
hospitalization. Outcome information was obtained from medical records available in the
hospital information system. If unsuccessful, participant follow-up was obtained by a phone
call to cardiologists or general practitioners and/or participants. In participants with multiple
MACE, only the first one was considered for survival analysis. Outcome data were collected

from January to February 2021.

Statistics
We assessed the distribution of data with the Shapiro-Wilk test. Continuous normally

distributed variables were presented as mean = SD and compared using Student’s t-tests.
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Continuous non-normally distributed variables were presented as median [interquartile range]
and compared using the Mann-Whitney U test. The chi-square test or Fisher exact test was used
for analysis of categorical variables.

The Youden index was used to select optimal thresholds based on receiver operating
characteristic curves for stress MFR, MFR, and MFCsevere measurements. Kaplan-Meier curves
were used to elucidate the survival distributions regarding MACE. Differences in the outcomes
of participants were assessed using the log-rank test. A Cox proportional hazard regression with
adjustment for potential confounders was performed to determine the predictors of worse
outcome. To prevent overfitting of the multivariate Cox proportional hazards models, only
cardiovascular risk factors with p values < 0.05 in univariate Cox proportional regression
models were considered in the multivariate models.

Collinearity between global stress MBF, global MFR and regional MFCsevere Was assessed by
calculating the variance inflation factors in the final model (lower than five for each variable)
7).

The statistical analysis was performed using R version 4.1.1 (R Foundation for Statistical
Computing, Vienna, Austria). All p values used were two-sided, with p < 0.05 considered

statistically significant.

Results

Participant’s characteristics

The flowchart of the study is shown in Figure 1. From June 2018 to June 2019, low-dose 8?Rb
SiPM PET/CT was performed in 279 participants. Two studies were excluded because of
technical issues (delayed imaging after infusion start). Follow-up was successful in 274 of 277
remaining participants (99%). 40 participants were censored due to early revascularization (5
CABG surgery and 35 PCI, < 6 months after PET/CT). Baseline characteristics of the remaining
study population of 234 participants are given in Table 1. Participants had a high prevalence of
known CAD (54%), with a high burden of cardiovascular risk factors (hypertension: 73%;
current or former tobacco use: 45%; dyslipidemia: 68%; diabetes: 36%). Preventive therapies
were highly prescribed in the overall population: 58% with aspirin, 62% with beta-blockers,
58% with angiotensin-converting enzyme inhibitors/angiotensin receptor blockers, and 66%

with lipid-lowering agents.

Clinical outcomes
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Over the 652 days [IQR: 559 to 751 days] of follow-up, a total of 47 participants experienced
a MACE event (13 nonfatal Ml, 5 cardiac deaths (1 participant had MI and then cardiac death),
10 cases of delayed revascularization, 19 hospitalizations for congestive heart failure or de novo

stable angina).

Comparative analysis

Participants with MACE had significantly worse global stress MBF, global MFR, and regional
MFCsevere When compared with participants without (Table 2). In contrast, global rest MBF
were similar among both groups. There was a significantly higher prevalence of known CAD
or history of M1 in participants with MACE as compared to participants without MACE (Table
1).

Optimal prognostic thresholds

Using the Youden index, we calculated the maximum potential effectiveness of global stress
MBF, global MFR, and regional MFCsevere cutoffs for MACE prediction. For global absolute
myocardial perfusion measurements, a threshold of 1.94 mL/min/g for global stress MBF
achieved a specificity and sensitivity of 59% and 83%, a threshold of 1.98 for global MFR
achieved a specificity and sensitivity of 73% and 64%, and a threshold of 3.2% of LV for
regional MFCsevere achieved a specificity and sensitivity of 74% and 64%. Based on these
calculated optimal thresholds, global MFR as well as regional MFCsevere Were impaired in 78
(33%) participants, whereas global stress MBF was impaired in 113 (48%) participants (Table
2).

Univariate and multivariate analysis

The Kaplan-Meier survival curves indicated that participants with impaired global stress MBF,
global MFR, or regional MFCsevere had significantly higher rates of MACE (all p < 0.0001) as
compared with those with normal perfusion (Figure 2). On univariate Cox proportional
regression, global stress MBF, global MFR, and regional MFCsevere emerged all as significant
predictors of MACE (Table 3). Male sex, as well as known history of CAD and history of Ml
were also found to be significantly predictive of MACE (Table 3).

In multivariate analysis with 3 separate models including each time clinical risk factors and
separately global stress MBF, global MFR, and regional MFCsevere, €ach one of these PET
variables emerged as powerful independent predictors of MACE (Table 4). In contrast, clinical

variables such as male sex, known CAD, and history of Ml did not (Table 4).
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Moreover, for the most comprehensive model including clinical parameters and all global MFR,
global stress MBF and regional MFCsevere, Only global stress MBF emerged as an independent
prognostic factor for MACE (Hazard Ratio (HR) 2.81, p = 0.027), while global MFR and
regional MFCsevere did not (Table 4).

Prospectively enrolled participants with
suspected myocardial ischemia
undergoing ®2Rb cardiac SiPM PET/CT
between June 2018 and June 2019 at
the Lausanne University Hospital
(n=279)

p! Technical issues (n=2)

Y
Participants included for follow up (n=277)

»| Participants lost to follow-up (n=3)

Participants censored due to
revascularization < 6 months after PET/CT
(n=40):

- CABG (n=5)

- percutaneous coronary intervention (n=35)

A4

\d
Participants included for analysis (n=234)

Figure 1. Study flowchart. CABG - coronary artery bypass
graft; CT - computed tomography; PET - positron emission
tomography; *’Rb - rubidium-82; SiPM - silicon photomulti-
pliers with digital readout.

Discussion

Our results support that impaired global stress MBF, global MFR, and regional MFCsevere, as
assessed by using low-dose 8Rb with the latest PET SiPM technology, allowing halving of the
standard injected activity and radiation dose, are powerful predictors of cardiovascular events,

outperforming traditional cardiovascular risk factors such as the presence of known CAD or
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history of MI. In a comprehensive analysis, we found that only reduced global stress MBF
independently predicted MACE.

PET myocardial perfusion imaging is well established for the diagnostic and prognostic
evaluation of patients with suspected CAD. Novel PET cameras using SiPM detectors offer a

considerable advantage in radiation dose compared with the conventional PET cameras. For a

Table 1. Baseline clinical characteristics

No
Overall population MACE MACE pP-
(n=234) (n=47) (n=187) value
Age, years, median [IQR] 72 [61-78] 73 [68-79] 71 [60- 0.105
77.5]
Male sex, n (%) 153 (65%) 36 (77%) 117 (63%) 0.081
Body mass index, kg/mz, median [IQR] 31 [28-36] 32[28.5- 31[28-36] 0.78
35.5]
Cardiovascular risk factors, n (%)
Hypertension 171 (73%) 38 (81%) 133 (71%) 0.18
Current or former smoker 106 (45%) 26 (55%) 80 (43%) 0.12
Dyslipidemia 159 (68%) 34 (72%) 125 (67%) 0.47
Diabetes 85 (36%) 20 (43%) 65 (35%) 0.32
Insulin-requiring diabetes 35 (15%) 10 (21%) 25 (13%) 0.14
Known CAD 126 (54%) 34 (72%) 92 (49%) 0.004
History of Ml 100 (43%) 28 (60%) 72 (39%) 0.01
Medications, n (%)
Aspirin 135 (58%) 28 (60%) 107 (57%) 0.35
Beta-blockers 144 (62%) 33 (70%) 111 (59%) 0.15
ACE inhibitors/ARB 135 (58%) 32 (68%) 103 (55%) 0.15
Diuretics 82 (35%) 27 (57%) 55 (29%) 0.0002
Nitroglycerine therapy (short-acting or long- 24 (10%) 6 (13%) 18 (10%) 0.61
acting nitrates)

Lipid-lowering agent 154 (66%) 32 (68%) 122 (65%) 0.71

ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blocker; CAD, coronary artery disease; MI, myocardial infarction

70-kg patient, the effective radiation dose could be reduced from >4-mSv with the conventional
PET cameras to <1-mSv (18). However, no previous clinical study has evaluated the prognostic
value of PET myocardial perfusion imaging with SiPM.

The independent prognostic value of reduced global stress MBF, being superior to global MFR
and regional MFCsevere impairments, was unexpected and is discrepant as compared to previous
studies. Regarding the prediction of cardiovascular deaths, Gupta et al. investigated the
importance of global stress MBF and MFR (10). In this study, in multivariate analysis, the
authors reported that the cardiovascular mortality was independently driven by global MFR,
irrespective of whether the global stress MBF was impaired or preserved. Similar findings had
been reported in the retrospective study by Fukushima et al. (19) with a similar sample size as
compared to the current study (n = 224 vs. n = 234 in the current study). However, compared

with Fukushima et al. (19) study, the current study has a longer follow-up (median, 652 vs. 426
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days), and population as well as medication use depicted some difference (male sex, 65% vs.
40%; prior history of MI, 43% vs. 11%; beta-blockers, 62% vs. 18%). Taqueti et al.
demonstrated that the prognostic value of MFR for the occurrence of MACE was independent
of the extent and severity of coronary lesions as evaluated on coronary angiography, but stress
MBF was not included in multivariate analysis (20). In an observational study by Patel et al., a
threshold of 1.8 for global MFR has been identified to yield a benefit of coronary
revascularization over medical treatment, independently of means of revascularization or the
extent of myocardial ischemia on semi-quantitative analysis, but, again, stress MBF was not
studied (21).

Similar to the current cohort, other studies reported that global stress MBF was independently
predictive for events, whereas global MFR was not. Global stress MBF was shown to be
superior to global MFR for the prediction of MACE in a 82Rb PET/CT study by Farhad et al.
(18), and for the prediction of a composite of death and Ml in a recent [*>*O]H20 PET/CT study
by Bom et al. (22). Since MFR is inherently dependent on resting flow, which is known to be
highly sensitive to hemodynamic conditions, impairment of MFR may be less specific for the
occurrence of events. However, importantly, both the study by Bom et al. and the current cohort
used adjusted MFR for the resting rate-pressure-product, accounting at least partially for
changes in resting flow caused by differences in hemodynamic conditions. The present finding
of a superiority of global stress MBF vs. global MFR impairments is consistent with the lack
of association between resting MBF and clinical prognosis (23).

Studies evaluating the prognostic value of MFC in comparison to stress MBF and MFR are
scarce. Gould et al. showed in two recent observational studies with large cohorts over long-
term follow-up that the extent of severe regional impairment of MFC, expressed as percent of
LV as in the current cohort, provides optimal risk stratification and is associated with a survival
benefit gain after revascularization (8, 9). This risk stratification after revascularization was
better assessed by severe regional MFC alteration rather than global MBF alteration (9). Recent
studies using modified MFC with average MFR and stress MBF per coronary territory have
shown an association with cardiovascular death and MACE (24, 25).

Considering other regional quantitative measures, our results are consistent with Bom et al. who
found in a [*®O]H20 PET/CT study that both global and regional stress MBF have prognostic
value in predicting cardiac events, while the combination of global and regional stress MBF did
not improve the prognostic performance compared to either alone (22). Harjulahti et al. found
similar results using also [**0O]H20 PET/CT (4). In contrast, Von Felten et al. recently

demonstrated using **N-ammonia, an independent prognostic value of regional MFR < 2, being
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superior to global stress MBF and MFR (26). In the current study, the first using the latest SiPM
technology, whose characteristics might offer potential benefits for precise analysis, we found
that severe regional per pixel MFC impairment is a powerful predictor of cardiovascular events,
independent from traditional cardiovascular risk factors, but not from global perfusion
parameters. Although the current study has inherent limitations which could limit the scope of

the results, these data support a close relationship between global and regional perfusion (22).

Limitations

This study must be interpreted in the context of its single-center design, with an average sample
size despite a high completeness of follow-up, which still limits extensive subgroup analysis.
The follow-up period was middle range, with a low incidence of hard cardiac events such as
cardiac death. The present thresholds for the MFCsevere category (pixel having both MFR < 1.5
and stress MBF < 1.1 mL/min/g) were slightly different as compared to the thresholds used by
Johnson and Gould (pixel having both MFR < 1.27 and stress MBF < 0.83 mL/min/g).
However, significant contributions of these slight differences to the present results seem
unlikely. Furthermore, currently available SiPM cameras differ significantly in design, and it
cannot be excluded that different SiPM cameras have different prognostic ability. The current
study emphasized on myocardial blood flow measurements, and LV ejection fraction, LV
volumes, regional wall motion, coronary artery calcium score and semi-quantitative evaluation
of relative perfusion defects were not assessed in this study based on myocardial blood flow
quantification, despite representing important information that could be part of routine PET/CT
imaging. Finally, the current prognostic study did not assess diagnostic accuracy, which could

be a strength of the quantification of regional perfusion with MFC.

New Knowledge Gained
This study shows the prognostic value of impaired stress MBF, MFR and MFC for
cardiovascular event using low-dose 8Rb SiPM PET/CT technology with halved injected

activity delivering <1.0-mSv radiation dose for a 70-kg patient.
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Table 2. Myocardial perfusion imaging results

Overall population MACE No MACE
(n = 234) (n = 47) (n=187) p-value
PET pharmacological stress agent, n
(%)
Adenosine 204 (87%) 40 (85%) 164 (88%) 0.56
Hemodynamics during PET/CT,
median [IQR]
Rest-HR, bpm 70 [61-78] 71[61-81.5] 69 [61-75.5] 0.12
Stress-HR, bpm 83 [74-95] 82 [75-99] 85 [74-94.5] 0.72
Rest-SBP, mmHg 136 + 23 134 + 24 136 + 22 0.6
Stress-SBP, mmHg 120 [104-137] 118 [101- 120 [107.5- 0.07
131] 138]
Rest-DBP, mmHg 71 £12 69 + 11 71+ 125 0.3
Stress-DBP, mmHg 61 [54-70] 60 [52-63.5] 62 [55-71] 0.11
Rest-RPP > 8500 mmHg/min, n (%) 153 (65%) 29 (62%) 124 (66%) 0.60
82Rb quantitative imaging,
Global rest MBF, mL/min/g, median 0.82 [0.65-1.06] 0.72 [0.51- 0.75 [0.59- 0.34
[IQR] 0.925] 0.97]
Global stress MBF, mL/min/g, 1.96 [1.32-2.71] 1.5 [1.08- 2.16 [1.54- < 0.0001
median [IQR] 1.87] 2.88]
Global stress MBF < 1.94 mL/min/g, 113 (48%) 37 (79%) 76 (41%) < 0.0001
n (%)
Global MFR, median [IQR] 2.39 [1.72-3.0] 1.75 [1.395-  2.49[1.93- < 0.0001
2.47] 3.1]
Global MFR < 1.98, n (%) 78 (33%) 29 (62%) 49 (26%) < 0.0001
MFC, . cre. % of LV, median [IQR] 0 [0-9.5] 9.3 [0-30.7] 0 [0-3.7] < 0.0001
MFC,eyere > 3.2% of LV, n (%) 78 (33%) 30 (64%) 48 (26%) < 0.0001

DBP, diastolic blood pressure; HR, heart rate, LV, left ventricle; MBF, myocardial blood flow; MFC, myocardial flow capacity; MFR,
myocardial flow reserve; RPP, rate-pressure product (HR x SBP); SBP, systolic blood pressure
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Figure 2. MACE-free survival curves (n = 234) according to global stress MBF (A), global MFR
(B), and MFCsevere (C), based on optimal thresholds using the Youden Index. MACE - major
adverse cardiovascular event; MBF - myocardial blood flow; MFC - myocardial flow capacity;
MFR - myocardial flow reserve.

p<0.0001
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Table 3. Prediction of major adverse cardiovascular events (MACE) during follow-up. Univariate Cox

proportional regression models

Hazard ratio (95% ClI) p-value
Global stress MBF < 1.94 mL/min/g 5.19 (2.6-10.5) < 0.001
Global MFR < 1.98 3.68 (2.0-6.6) < 0.001
MFCsevere > 3.2% of LV 4.19 (2.3-7.6) < 0.001
Age 1.02 (1.0-1.0) 0.15
Male sex 2.08 (1.1-4.1) 0.034
BMI 0.99 (0.9-1.0) 0.68
Hypertension 1.77 (0.9-3.7) 0.13
Current or former smoker 1.64 (0.9-2.9) 0.093
Dyslipidemia 1.41 (0.7-2.7) 0.3
Diabetes 1.52 (0.9-2.7) 0.17
Known CAD 2.41 (1.3-4.6) 0.005
History of Ml 2.19 (1.2-3.9) 0.008
BMI - body mass index; other abbreviations as in Tables 1 and 2
Table 4. Independent predictors of MACE in different Cox regression models
Multivariate model Hazard ratio (95% CI) p-value
Model 1: Clinical variables and global stress MBF
Global stress MBF < 1.94 mL/min/g 4.5 (2.1-9.7) < 0.001
Male sex 1.03 (0.5-2.2) 0.94
Known CAD 1.42 (0.5-3.7) 0.47
History of Ml 1.03 (0.4-2.5) 0.94
Model 2: Clinical variables and global MFR
Global MFR < 1.98 3.1 (1.7-5.8) < 0.001
Male sex 1.33 (0.7-2.8) 0.47
Known CAD 1.76 (0.7-4.5) 0.24
History of MI 0.96 (0.4-2.3) 0.93
Model 3: Clinical variables and MFC..pere
MFCgeyere > 3.2% of LV 3.67 (1.9-7.1) < 0.001
Male sex 1.48 (0.7-3.0) 0.29
Known CAD 1.58 (0.6-4.1) 0.35
History of MI 0.81 (0.3-2.0) 0.64
Model 4: Clinical variables, global MFR, global stress MBF, and MFC,,,ere
Global stress MBF < 1.94 mL/min/g 2.81 (1.1-7) 0.027
Global MFR < 1.98 1.54 (0.7-3.7) 0.33
MFCeyere > 3.2% of LV 1.56 (0.6-4.1) 0.37
Male sex 1.05 (0.5-2.3) 0.9
Known CAD 1.59 (0.6-4.2) 0.35
History of MI 0.82 (0.3-2) 0.67

Abbreviations as in Tables 1 and 2
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Conclusion

In conclusion, this study using the latest SiPM PET technology with low-dose 8Rb, halving the
standard activity, demonstrates that impaired global stress MBF, global MFR, and regional
MFC are powerful predictors of cardiovascular events, outperforming traditional
cardiovascular risk factors. However, we found that only reduced global stress MBF

independently predicted MACE, being superior to global MFR and regional MFC impairments.
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Abstract

Aims

Small-vessel disease (SVD) plays a crucial role in cardiac and brain ischemia, but little is known
about potential interrelation between both. We aimed at assessing the interrelation between
cardiac and brain SVD by using quantitative 8Rb cardiac PET/CT and brain MRI.

Methods and results

We retrospectively evaluated 370 patients, of whom 38 had pure cardiac SVD and 176 had
normal myocardial perfusion. All underwent both a cardiac 8Rb PET/CT and a brain 1.5T or
3T MRI. Left-ventricle myocardial blood flow (LV-MBF) and flow reserve (LV-MFR) were
recorded from 8Rb PET/CT, while Fazekas score, white-matter lesion (WMab) volume, deep
grey-matter lesion (GMab) volume, and brain morphometry using the MorphoBox prototype
software were derived from MRI. Groups were compared with Kruskal-Wallis test, and the
potential interrelation between heart and brain SVD markers was assessed using Pearson’s
correlation coefficient. Patients with cardiac SVD had lower stress LV-MBF and MFR
(P<0.001) than healthy controls but similar Fazekas scores and WMab volumes (p>0.45). In
patients with cardiac SVD only, increased rest LV-MBF was associated with left-putamen Z-
score reduction (rho=—0.62, P=0.033), right-thalamus (rh0o=0.64, P=0.026) and right-pallidum
(rho=0.60, P=0.039) GMab volume increase. Decreased stress LV-MBF was associated with
left-caudate Z-score reduction (rho=0.69, P=0.014), while decreased LV-MFR was associated
with left- (rho=0.75, P=0.005) and right- (rho=0.59, P=0.045) putamen Z-score reduction, as
well as increased right-thalamus GMab volume (rho=-0.72, P=0.009).

Conclusion
Significant interrelations between cardiac and cerebral SVD markers were found, especially
regarding deep grey-matter alterations, which supports the hypothesis of SVD as a systemic

disease.
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Introduction

Ischemic heart disease, stroke, and dementia are the most frequent causes of mortality and
disability worldwide, especially among the elderly population (1, 2).

The epidemiology and pathophysiology of large-vessel atherosclerosis are well defined in the
scientific literature. Thus, effective preventive and therapeutic measures can be implemented.
On the other hand, although the pathophysiology and impact of microvascular pathologies on
the general population as well as their link with cardiovascular risk factors are clear, there is
little data in the literature on the correlation of microvascular disease between different organs,
particularly between the heart and the brain (3, 4). Heart and brain small-vessel disease likely
represent variations of the same systemic, pathologic process (3).

Heart small-vessel disease (SVD), which can manifest clinically as angina, myocardial
infarction and heart failure, can be quantitatively analyzed with cardiac 8Rb PET/CT. Indeed,
this imaging technique is currently considered the gold standard for the quantification of
myocardial blood flow (MBF) and myocardial flow reserve (MFR) (5), which represent
markers of cardiac vascular damage; in particular, an abnormal value of myocardial flow
reserve is part of the diagnostic criteria for cardiac microvascular pathology (6).

Brain SVD, which is a substrate of stroke, dementia, cerebral atrophy, and gait disorders, can
be evaluated using cerebral magnetic resonance imaging (MRI) (7). MRI can detect markers
such as leucopathy, small subcortical infarcts, lacunae of presumed vascular origin, cerebral
atrophy, microbleeds, and prominent perivascular spaces (8, 9). Moreover, with new automatic
segmentation software, it is possible to perform not only qualitative but also quantitative
analyses of such lesions (10).

The purpose of this study was to look for a potential link between heart and brain with the help
of imaging techniques, particularly by analyzing cardiac perfusion with cardiac 8Rb PET/CT

and radiological signs of cerebral SVD with brain MRI automated morphometry.

Methods

Study design
The flowchart of this retrospective single center study is presented in Figure 1. From June 2011

to June 2019, 2569 patients underwent a cardiac 8Rb PET/CT to explore ischemic heart disease

162



in the Department of Nuclear Medicine and Molecular Imaging at Lausanne University
Hospital. Of this cohort, inclusion criteria were: (1) patients older than 18 years; and (2) who
underwent a brain MRI. We excluded patients with large cerebral sequelae (history of brain
metastasis or tumor, neurosurgery, severe traumatic brain injury [TBI]), bad image quality due
to motion artifacts, or proved non-vascular leukoencephalopathy. From patients’ medical
records, we collected the following clinical variables: sex, age, cardiovascular risk factors
(diabetes, hypertension, smoking, dyslipidemia, sleep apnea syndrome), coronary artery disease
(CAD), history of myocardial infarct or stroke, history of peripheral arterial disease, current
medications. All participants provided fully informed written consent for using their data for
research purposes. The study was approved by the ethics committee (#CERVD 152/08,
#BASEC PB_2017-00634).

Cardiac PET/CT analysis

Cardiac 8Rb PET/CT acquisitions were performed on a Discovery 690 TOF scanner (GE
Healthcare, Waukesha, WI, USA). Patients were asked to fast for at least 6 hours and refrain
from any caffeine intake for at least 24 hours before examination. Cardiac PET/CT acquisition
was performed at rest and at stress after intravenous infusion of adenosine, as previously
described (11). Cardiac PET analysis was performed by 2 experimented nuclear medicine
physicians (JOP and MD, with >20 and 6 years’ experience, respectively).

Cardiac perfusion was assessed and analyzed in a semi-quantitative and in a quantitative
manner. Summed rest, summed stress and summed difference scores (SRS, SSS, and SDS,
respectively) were computed applying the 17-segment model of the American Heart
Association (12, 13). An SSS >4 was considered abnormal (Ziadi et al JACC 2011).

For the quantitative part, left ventricle (LV) rest myocardial blood flow (MBF), stress MBF,
and myocardial flow reserve (MFR) were obtained by processing data with the fully automated
FlowQuant software (Ottawa Heart Institute, Ottawa, Canada) (14, 15). Quantitative analysis
was assessed globally and for all 3 vascular territories derived from standard segmentation: left
anterior descending (LAD), left circumflex (LCx), and right coronary artery (RCA). A global
LV MFR <2 was considered abnormal, as previously documented (16).

Three groups were generated based on 8Rb PET/CT: I, abnormal SSS >4, suggesting
hemodynamically obstructive coronary artery disease (CAD) lesions or myocardial infarction
(17, Ruddy et al. Journal of nuclear cardiology 2022), I, normal SSS <4 and normal LV MFR
>2 (normal cardiac 8?Rb PET/CT), lI1, normal SSS <4 and LV MFR <2. For this last group, an

invasive coronary angiography was available to distinguish between flow-limiting epicardial
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lesions (presence of obstructive CAD) or SVD (absence of obstructive CAD) (14, 15).
Obstructive CAD by invasive coronary angiography was defined as >50% diameter reduction

or fractional flow reserve <0.80 (14, 15).

Cerebral MRI analysis

Brain MRIs were acquired on 1.5 or 3T scanners (all Siemens Healthcare, Erlangen, Germany).
Included patients had all at least an axial T2 spin echo (T2SE) and a 3D T1 magnetization-
prepared rapid gradient-echo (MPRAGE) with acquisition parameters that follow the
Alzheimer’s Disease Neuroimaging Initiative guidelines (18).

Images were first qualitatively analyzed by an experimented neuroradiologist (VD with 13-
years’ experience in neuroimaging) in order to find brain sequelae due to non-lacunar stroke or
to other pathologies (brain metastasis or tumor, neurosurgery, severe TBI). In the remaining
patients, leucopathy was assessed on the T2SE images and divided into 4 categories by using
the Fazekas score (19).

Quantitative evaluation of brain volume was performed by two experimented neuroimaging
research engineers. Brain regions were segmented from the 3D T1-MPRAGE sequences using
the MorphoBox prototype software (10) providing absolute and relative volumes (in mL and %
of the total intracranial volume [TIV], respectively) of: total gray and white matter, central
nuclei, hippocampus, brainstem, lobar gray and white matter, intracranial cerebrospinal fluid,
ventricular system. The Z-score of each structure was provided by comparing these volumes to
a group of healthy patients of the comparable age and sex based on the ADNI cohort (20). The
software also estimates the volume of abnormal white matter (WMab) and the lesion load in
the deep grey nuclei (GMab) (21).

Statistical analysis

Statistical analyses were performed with Stata 16.0 software (StataCorp, College Station, TX,
USA). Continuous variables are presented as median with interquartile range (IQR) or mean
with standard deviation (SD) when normally distributed. Categorical variables are reported as
number or percentage. ?Rb PET/CT perfusion parameters and MRI morphometry were
compared between patients with normal myocardial perfusion (SSS <4 and LV MFR >2) and
patients with cardiac SVD using the Kruskal-Wallis test. Potential interrelation between heart
and brain SVD markers was assessed using Pearson’s correlation coefficient in these two
groups only. A P value<0.05 was considered statistically significant. The significance level was

not corrected for multiple comparisons.
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Results

Population characteristics
Of 2569 patients, we enrolled 370 patients who had both cardiac 8Rb PET/CT and brain MRI
(Figure 1). The population clinical characteristics that we recorded are available in Table 1.

Cardiac #Rb PET/CT data

Of 370 patients, 176 showed a normal cardiac 8Rb PET/CT, 86 showed abnormal SSS >4, and
108 showed normal SSS and abnormal LV MFR <2. Among them, 70 were classified with
obstructive CAD and 38 with cardiac SVD based on invasive coronary angiographic data.

All quantitative results are displayed in Table 2. Compared with patients with normal
myocardial perfusion, patients with cardiac SVD had lower stress LV-MBF and MFR in all
three coronary territories and globally (p<0.0019)

MR data

Of 370 patients, 70 had non-lacunar stroke sequelae or sequelae from other disease on brain
MRI and were excluded from the MRI quantitative analysis. Of the 300 remaining patients, 114
were excluded due to CAD. One hundred and twenty-three could not be segmented because the
3D T1-MPRAGE that did not follow ADNI guidelines. The 3D T1-MPRAGE was segmented
in 63 subjects with normal myocardial perfusion or cardiac SVD (Figure 1).

Compared to patients with normal myocardial perfusion, patients with SVD had similar Fazekas
score (P=0.45) but lower z-score for right and left frontal WM volumes (P=0.024 and P=0.021)
and higher z-score for left and third ventricles (P=0.042 and P=0.016). There was also a trend
for higher GMab volume and higher right ventricle z-score in SVD patients compared to
patients with normal myocardial perfusion. The z-score for all segmented structures for patients

with normal myocardial perfusion and SVD are reported in Table 3.

PET/CT and MRI interrelation
Regarding the qualitative analysis, no correlation was found; indeed, there was no association
between Fazekas score and LV-MBF at rest (rho=0.03, P=0.72), at stress (rho=0.06, P=0.44)
and LV-MFR (rho=0.03, P=0.71).
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Taking into account all patients with normal cardiac perfusion and patients with SVD (N=63),
rest LV-MBF was negatively correlated with z-score of total brain (rho=—0.29, P=0.028), right
occipital GM (rho=-0.31, P=0.018) and left (rho=-0.35, P=0.007) and right (rho=-0.33,
P=0.012) temporal WM volumes; LV-MFR was positively correlated with z-score of total brain
(rho=0.35, P=0.007), total GM (rho=0.27, P=0.037), left (rho=0.34, P=0.008) and right
(rh0=0.31, P=0.016) parietal GM volumes, left (rho=0.31, P=0.016) pallidum z-score and
negatively correlated with z-score of total CSF (rho=-0.37, P=0.005). There was no significant

correlation between cardiac perfusion parameters and WMab or GMab volumes (P>0.18).

When considering only microvascular patients (N=12), we found that rest LV-MBF was
negatively correlated with left putamen z-score (rho=-0.62, P=0.033), stress LV-MBF was
positively correlated with left caudate z-score (rho=0.69, P=0.014), and LV-MFR was
positively correlated with left (rho=0.75, P=0.005) and right (rho=0.59, P=0.045) putamen z-
score. Also, in SVD patients, we found a positive correlation between rest LV-MBF and right-
thalamus (rho=0.64, P=0.026) and right-pallidum (rho=0.60, P=0.039) GMab volume.
Moreover, we found a negative correlation between LV-MFR and right-thalamus GMab
volume (rho=-0.72, P=0.009). On the other hand, no correlation was found between an

abnormal cardiac perfusion and WMab volumes (P>0.47).

Discussion

This study focused on the potential association between cardiac and cerebral microvascular
pathologies. The main results can be summarized as followed: 1) patients with SVD have lower
LV stress MBF and MFR; 2) SVD have lower frontal WM z-score, higher ventricular z-scores
and tend to have higher GMab volume; 3) In SVD patients, LV MBF and MFR correlate with
deep grey matter z-scores and GMab volumes.

While cardiac pathology due to epicardial coronary artery disease is well known, ischemic heart
disease resulting from SVD is still poorly understood. Several cardiovascular imaging
techniques have been proposed to assess microvascular dysfunction (22), including cardiac
PET/CT. Some studies reported that MFR<2 has a significant prognostic value in symptomatic
women with non-obstructive CAD (23) as well as in patients without perfusion defect (24).
Considering patients with no obstructive epicardial CAD, SVD patients represented 38/214
patients (17.8%), which is quite lower than previous reports. Indeed, Rauf et al. (24) recently

reported in a large population that 27.9% of the patients (N=2175) with no significant perfusion
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defect on 82Rb cardiac PET had a MFR<2, while other authors even reported higher SVD
prevalence up to 54% in patients without perfusion defect (25). While the authors did not report
angiography results, they considered that low calcium score were likely indicative to low risk
of triple vessel CAD. Based on coronary angiography results, we found that 38 of 108 patients
(35.2%) with MFR<2 had SVD, while 70 of 108 patients (64.8 %) in fact had obstructive CAD.
Compared to patients with normal myocardial perfusion imaging, SVD patients had similar LV
rest MBF and impaired LV stress MBF, which is also concordant with the most recent literature
(24, 26). Considering that an abnormal value of MFR is part of the diagnostic criteria of
microvascular angina according to the COVADIS steering group (6), and that the abnormal
absolute values of stress MBF and MFR that we found are concordant to the literature (27), this
indicates that our SVD patients’ population is representative of patients in other studies. Still,

it remained unknown whether patients with cardiac SVD may have significant brain changes.

We found that patients with cardiac SVD, had a higher degree of frontal white matter atrophy,
ventricular dilatation and a higher volume of deep gray matter lacunae compared with patients
with normal cardiac perfusion imaging. These parameters are considered as common markers
of cerebral SVD (8, 9, 28-30). While cerebral SVD may present with remarkable heterogeneous
clinical symptoms and various patterns on imaging (31) , automatic segmentation and
quantification brain lesions has been used to estimate the global burden of SVD (32). Hence, it
was demonstrated that brain lesions quantification is a strong predictor of early and long-term
cognitive decline and functional disability in the general population or in patients with
synchronous neurodegenerative diseases (33, 34). Nonetheless, to the best of our literature
search, we found no study evaluating the brain morphometry of patients with proven cardiac
SVD in details. Mejia-Renteria et al.(4) recently reported no significant difference in total GM
and WM volumes but higher white-matter hyperintensity volume in patients with coronary
small-vessel disease compared to patients with normal coronary flow reserve, Our results
confirm that these patients have both cardiac and cerebral signs of SVD. While cerebral SVD
is now considered as a global organ disease (31, 35) our findings even suggest this might be a

multiple organ disease.

Heart and brain indeed display similarities in vascular anatomy, as they comprise three
compartments: on one hand large arteries on the surface of the organ, on the other hand resistant
arterioles and smaller vessels penetrating within the depth of the organ (36). Nevertheless,

whether brain changes could be interrelated with myocardial perfusion findings has been rarely
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evaluated. In a recent systematic review article by Berry et al. (3), the authors only identified 9
research articles that provided results on SVD in both the brain and the heart, thus highlighting
the gap in the knowledge in this disorder. In a clinico-pathological study of 175 cases, Andin
et al. (37), found that patients with pathological evidence of cerebral SVD had more cardiac
pathologies than patients with other vascular dementia groups. Similarly, Weidman et al. (38)
reported that 72 of 95 patients with syndrome X and normal coronary angiogram had pathologic
brain ®™Tc-HMPAO perfusion single photon emitting tomography. Also, one study evaluating
patients with cerebral autosomal dominant arteriopathy with subcortical infarcts and leukopathy
(CADASIL), a NOTCH3 mutation related SVD, reported that similar small vessel alterations
can be found on myocardial specimens than in the brain (39). More recently, Argiro et al. (40)
demonstrated that patients with CADASIL had lower stress MBF and MFR using cardiac **NHs
PET compared to healthy controls. Perfusion parameters were not correlated with qualitative
or semi-quantitative markers of SVD. Also Meiira-Renteira et al. (4) did not find any significant
relation between coronary flow reserve and white-matter hyperintensity volume (beta=-0.20,
P=0.47). In accordance, we did not find any significant interrelation between Fazekas score and
MBF or MFR using 8Rb PET. However, these authors did not explore detailed brain
morphometry, while we found that rest MBF, stress MBF and MFR were significantly
correlated with striatal z-score and abnormal gray matter volume in SVD patients. As lacunae
of presumed vascular origin (GMab in our study) and brain atrophy (Z score in our study) are
listed between signs of SVD on conventional MRI in the literature (8), the interrelations
between increased GMab volume and reduced basal ganglia Z score with impaired myocardial

blood flow, supports the hypothesis that microvascular dysfunction is a systemic disease (41).

Despite encouraging results, we have to address some limitations in this study. First, despite
the large population screened for SVD only a small number of patients had both a cardiac
PET/CT and a MRI that included a T1-MPRAGE sequence allowing to process brain
morphometry. However, patients were well characterized, as every cases with MFR<2 were
categorized by coronary angiography to identify balanced obstructive CAD, which was not
systematically addressed in previous studies. This also reflects the overall lower incidence of
pure SVD than previously reported (17.8% vs 27.9-54%)(24, 25). Despite cardiac stress-
induced regional perfusion deficits are generally caused by hemodynamically obstructive CAD
lesions (17), some cases with solely coronary microvascular dysfunction might be missed and
were hereby excluded. Moreover, our selective approach did not allow an inclusion of potential

patients with cardiac SVD and regional perfusion defect (SSS >4). Second, while MRI were
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performed on different scanners, brain morphometry demonstrated high reproducibility (43),
which limits potential bias. Also, we did not have 3D fluid attenuated inversion recovery
sequence to estimate the white-matter hyperintensity volume and potential relation with MFR,
despite negative results from other authors (4). Finally, the respective and cumulative effects
of different cardiovascular risks factors on heart and brain SVD interrelation could not be
assessed. This should be evaluated in large preferably prospective studies, as patients with S\VD
often have several congenital and acquired risk factors that contribute to microvascular

dysfunction by different pathophysiological mechanisms (44).

Conclusion

In this retrospective study, significant interrelations between cardiac and cerebral small vessel
disease quantitative parameters, especially regarding deep grey matter alterations, derived from
PET/CT and brain morphometry were found. This overall supports the hypothesis of an
association between cardiac and brain SVD as a systemic disorder. Further larger prospective
studies are now needed to understand the pathophysiological mechanisms and respective or

cumulative effects of congenital and acquired risk factors.
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TABLES

Table 1: Main population characteristics

Characteristics N=370
Age (years) 66 [60-73]
Sex female / male 115/ 255
Weight (kg) 79.5 [68-90]

Body mass index (kg/m?2)

27.2[23.8-31.2]

Cardiovascular risk factors

Smoking 94 /370
Hypertension 2741370
Diabetes 145/ 370
Dyslipidemia 233 /370
Other comorbidities

Obstructive sleep apnea syndrome 67 /370
Lower extremity arterial disease 62 /370
Treatments

Platelet antiaggregants 250/ 370
Beta-blockers 210 /370
ACE inhibitors 208 /370
Diuretic 156 / 370
Nitroglycerin 44 /370

Lipids lowering agents 228 /370

ACE angiotensin-converting enzyme
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Table 2: Rb PET/CT quantitative data

Variables Normal Small-vessel disease P-value
N=176 N=38
Rest MBF LAD 09+04 09+0.3 0.48
Stress MBF LAD 2509 15+04 0.0001
MFR LAD 3.0+11 1.7+05 0.0001
Rest MBF LCX 1.0+04 1.0+0.3 0.67
Stress MBF LCX 26%0.9 1.6+05 0.0001
MFR LCX 28+1.0 16+04 0.0001
Rest MBF RCA 1.0+04 1.0+0.3 0.74
Stress MBF RCA 27+1.0 16+05 0.0001
MFR RCA 3.0+£1.2 1.7+0.6 0.0001
Rest MBF LV 1.0+04 1.0+0.3 0.60
Stress MBF LV 2609 15+04 0.0001
MFR LV 29+1.0 1.7+ 0.5* 0.0001

LAD: left anterior artery, LCX: left circumflex, RCA: right coronary artery, LV: left

ventricle, MBF: myocardial blood flow, MFR: myocardial flow reserve
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Table 3: MRI morphometry quantitative data

_ Small-vessel
Parameters Normal perfusion disease P-value
N=51 N=12

Brain -0.82+1.75 -1.13+1.34 0.29

Total GM -0.70£1.99 -0.75+1.09 0.44
Cortical GM -0.67+£1.82 -0.67+1.12 0.62
Right frontal GM -0.84 +£1.58 -0.83 £ 1.07 0.93
Left frontal GM -0.73+1.51 -0.75+0.89 0.71
Right temporal GM -0.43 +1.65 -0.26 + 1.09 0.85

Left temporal GM -0.73£1.73 -0.74 £ 1.69 1.0
Right parietal GM -0.40+1.74 -0.50 +1.19 0.72
Left parietal GM -0.32+1.45 -0.56 +£1.10 0.37
Right occipital GM 0.04+1.23 0.24 £ 0.69 0.88
Left occipital GM 0.13+1.18 -0.02 £ 0.57 0.39
Right hippocampus 0.35+£1.09 0.63+1.41 0.53
Left hippocampus -0.08 +1.21 0.59+1.44 0.14
Right caudate nucleus 0.38+£1.35 0.45+1.19 0.85
Left caudate nucleus 0.15+1.23 0.42+1.16 0.39
Right putamen -0.27 +1.38 -0.31 +1.42 0.87
Left putamen -0.36 £1.34 -0.47 £1.10 0.76
Right pallidum 0.03+1.26 0.05+1.28 0.91
Left pallidum -0.18 £1.30 -0.49+£0.71 0.44
Right thalamus 0.18+1.20 0.15+145 0.85
Left thalamus 0.02+1.19 0.15+1.46 0.90
Total GMab (mL) 0.28+0.10 0.33+£0.12 0.09
Total WM -0.40 £1.47 -0.72 +£1.09 0.32
Right frontal WM -0.82+1.14 -1.76 +1.29 0.024
Left frontal WM -0.63+1.11 -1.59 +£1.30 0.021
Right temporal WM -0.33+1.53 -0.68 +1.42 0.56
Left temporal WM -0.44 +£1.35 -0.73+£1.63 0.68
Right parietal WM -043+1.16 -0.89 + 1.00 0.15
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Left parietal WM -0.36 £ 1.05 -0.71+1.24 0.42
Right occipital WM 0.09+1.44 -0.01+1.00 0.49
Left occipital WM 0.14 +1.27 0.18+0.74 0.93
Total WMab (mL) 3.54 +6.61 475+119 0.58
Mesencephalon -0.19+1.27 -043+1.11 0.60
Pons -0.13+£0.95 -0.23+0.91 0.94
Medulla oblongata 0.16 £1.06 0.17 £0.95 0.84
Corpus callosum -0.15+£0.96 -0.52 £1.04 0.22
CSF 0.72+1.29 1.11+1.19 0.34

Right ventricle 053+1.12 1.05+1.26 0.09
Left ventricle 041+1.16 1.25+1.33 0.042
Third ventricle 0.61+1.14 1.37+0.74 0.016
Fourth ventricle 0.15+0.98 0.30+1.43 0.97

Mean Z-score values and standard deviations are reported in this Table, unless otherwise

specified. CSF cerebrospinal fluid, GM grey matter, GMab abnormal grey matter, WM white

matter, WMab abnormal white matter.
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FIGURES

Graphical abstract.

Of 370 participants, who underwent both 82Rb cardiac PET/CT and brain MRI, 51 patients
with normal myocardial perfusion imaging (MPI1) and 12 patients with cardiac small-vessel
disease (SVD) were used for evaluating potential interrelation between heart and brain SVD.
Significant interrelations between cardiac and cerebral SVD markers were found, especially
regarding deep grey-matter alterations, which supports the hypothesis of SVD as a systemic
disease.

GMab abnormal grey matter, LV left ventricle, MBF myocardial blood flow, MFR

myocardial flow reserve, MPI myocardial perfusion imaging, SVD small-vessel disease.
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Figure 1: Study’s flowchart.
cMRI, conventional MRI, CAD coronary artery disease, morphoMRI with 3D T1-MPRAGE

morphometry, SVD small vessel disease
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Abstract

Introduction:

There is no recommendation on the use of [82Rb] PET/CT in the paediatric population, mainly
due on lack of [®?Rb] dosimetry data in this population. We aimed to estimate paediatric
dosimetry based on adult biokinetic data and prospectively acquired paediatric biokinetic data.
Materials and methods:

Organ absorbed doses (OAD) and effective doses (E) were estimated using ICRP-103 based
OLINDA/EXM 2.1 software. We extrapolated paediatric OAD and E from existing adult
biokinetic data (OADp,ab and Epab respectively). Thus, [??Rb] EANM paediatric dosage card
(PDC) cluster and the recommended administered activity were determined. Ten paediatric
participants (M:F 7:3; mean age 8.8+6.6) underwent dynamic rest and stress 3D-SiPM [3?Rb]
PET/CT scans in this prospective study. Using PMOD software, source organs volumes were
delineated to obtain source organ time activity curves and participant specific organ masses
based on PET/CT data. Thus, subject specific OAD (OADy and Ejp respectively) were derived
from original paediatric data.

Results:

[®°Rb] was assigned to the EANM PDC B-Cluster. Estimated ranges for Epan resp. Ep were
2.19E-02 —1.15E-03 resp. 9.62E-03 —1.04E-03 mSv/MBq. Ep ab after a single [#2Rb] infusion
was between 0.5-0.7 mSv, similar to Ep from for 3D PMT (0.4-0.8 mSv), while Ep was reduced
by 0.2-0.4 mSv for 3D SiPM PET/CT. In the paediatric model, the most irradiated organs were
the kidneys and the heart wall in infant and newborn group, followed by heart wall in the other
age groups, hence, the small intestine, pancreas, lungs, adrenals, and rest of the gastrointestinal
tract. [8°Rb] PET/CT was safe and well-tolerated by all participants.

Conclusion:

We firstly provide original dosimetry data for the use of [#2Rb] PET/CT in the paediatric
population, showing reasonably low radiation exposure, and confirming safety and tolerability
of [22Rb] PET/CT in this population. Based on our estimations, we provided recommendations
for the insertion of [®?Rb] in the EANM PDC.
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Introduction

In the paediatric population, a thorough non-invasive assessment of myocardial perfusion in
certain cardiac conditions such as congenital heart disease, Kawasaki disease or cardiac post-
transplant follow-up can be necessary. In this population, the choice of the adequate myocardial
perfusion imaging (MPI) tool can be restricted by the length of the acquisition, physiological
and dosimetry concerns (1, 2). In regard to limitations, [®Rb] PET/CT could appear as a
reasonable alternative to other non-invasive MPI tools such as perfusion SPECT/CT, since it
allows for accurate absolute quantitative assessment of myocardial perfusion in a reasonable
acquisition time, with reduced radiation exposure due to the [8°Rb] short half-life of 75 seconds
(sec) (3, 4). Nowadays, while [82Rb] PET/CT is widely recommended in the adult population
(5), no recommendation for the administered activity in the paediatric population is available
(6, 7), mainly due to the lack of paediatric dosimetry studies. Therefore, the literature on the
use of [#2Rb] PET/CT in the paediatric population remains scarce (1-3).

The use of adult biokinetic data to derive paediatric radiation dosimetry is a well-established
process in nuclear medicine, thus avoiding unnecessary clinical trials in children (8). However,
this process relies on the accuracy of adult biokinetic data and on the reliability of translation
methods to paediatric subjects. The in-adult biodistribution of [®?Rb] has been reported in
different studies based on human cohorts and phantoms models (9-16) with up to a four-fold
difference in the estimation of the effective dose coefficient (Ecoefr). Due to their higher risk for
adverse events resulting from exposure to radioactive tracers (8), it is strongly recommended to
have evidence-based rules striving for the prescription of the minimum [8?Rb] activity,
providing adequate diagnostic image quality in an acceptable acquisition time in the paediatric
population. This study aimed to estimate the organ biokinetic, absorbed doses and effective
doses based on prospectively acquired data from a paediatric population as well as extrapolated
paediatric biodistribution from previously published adult biokinetic data (12). In addition to
dosimetry estimates, we also provided administered-activity recommendation derived from
adult biokinetic data (12) in accordance with the European Association of Nuclear medicine
(EANM) paediatric dosage card (PDC) methodology (6, 7).

Methods
Participants
Ten paediatric participants referred to our tertiary center with cardiac condition requiring non-

invasive MPI were prospectively included in this study. For female participant in childbearing
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age, pregnancy was ruled out using a urinary pregnancy test. We included the participants in
three groups based on their age with at least 3 participants in each group:

- from 12 to less than 18 years (n=4)

- from 2 to less than 12 years (n=3)

- from 1 month to less than 2 years (n=3)
We enrolled participants in three consecutive steps, first the 12-18 age group, followed by
decreasing age groups. A written informed consent was obtained from all participants or his /
her legal representative. The protocol was approved by the local ethic committee (CER-VD
2018-02359).

8Sr/%?Rb generator

The commercially available 8Sr/8?Rb generator from Jubilant Draxlmage Inc. (RUBY-FILL®
Rubidium [#2Rb] Generator) and a dedicated Rubidium Elution System (RbES) (17) were used
to provides sterile, nonpyrogenic doses of [?Rb] chloride ([22Rb]CI), ranging from 37-829 MBgq
(1 to 22 mCi). Daily quality controls as well as calibration tests were performed before the
injection of the first scheduled participant. No significant strontium breakthrough activity was

detected during the quality control tests.

Paediatric participant imaging protocol

Participants were asked to fast at least 6 hours prior PET/CT and to abstain from any xanthine
derivates (e.g., caffeine or aminophylline) for at least 24 h prior the adenosine stress test. All
participants underwent a dynamic rest and adenosine stress silicon photomultiplier (SiPM)
PET/CT scan in 3-dimension (3D) acquisition mode, 25-cm axial field-of-view (Biograph
Vision 600, Siemens Medical Solutions, Knoxville, USA). The PET acquisition was followed
by a low-dose thoraco-(abdominal) CT scan for attenuation correction using automated tube
voltage (Care kV, Siemens with quality reference of 100 kV) and automated current modulation
(Care DOSEA4D, Siemens with a quality reference of 20 mAs). A first dynamic PET/CT
acquisition covering the thorax (including heart, thyroid, lung, liver, spleen, stomach, and red
bone marrow) and possibly the abdominal region was performed after intravenous (i.v.)
administration of 55 - 829 MBq of [8°Rb]CI over 30 sec. In participants where the abdominal
organs could not be completely acquired in the initial rest acquisition, a second dynamic
PET/CT acquisition centered on the abdomen was performed at rest after a second i.v.
administration of 285 - 827 MBq of [3°Rb]CI over 30 sec. The rest phase was followed by a

continuous infusion of adenosine at 140 pg/kg/min over 6 min, with concomitant i.v.
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administration of 56 - 817 MBq of [8°Rb]Cl over 30 sec, from the second minute after starting
the adenosine infusion. Further details on the acquisitions protocol can be found in the

supplementary material.

Radiation dosimetry formalism
OLINDA/EXM 2.1 software (18) was used to estimate the mean absorbed organ dose D(rr) to

a target organ T from a source organ S, according to the MIRD formalism (19):
D(r7) = ZsA(rs) - S(rt « rs)

where A(rs) is the time-integrated activity coefficient (TIAC) also called “’residence time’’ in
the considered source organ, S; and S(rr « rs), also called dose factor, is the specific absorbed
dose in a target organ generated by a single decay occurred in a source organ (19). s indicated
that the total absorbed dose to a target organ, from here on called organ absorbed dose (OAD),
is obtained by summing the absorbed dose contributions from all relevant source organs in
which the radiotracer distributed. In absence of strontium breakthrough on the daily quality
controls of the 8Sr/8?Rb generator, the contribution of strontium decay chain to the absorbed

dose was negligeable.
The effective dose (E) is a radiological protection quantity expressed by the equation:
E=Z H(rr) =X D(rr) - Wt

That allows for the estimation of the population-based stochastic risk from internal radiation
exposure (20). It is obtained from the sum of all equivalent doses (H) delivered to individual
organs. For a specific target tissue, H is obtained by multiplication of D(rr) for the organ-
specific radiation weighting factor (Wr), here form the ICRP-103, which accounts for the

specific radiosensitivity to stochastic effects of the considered target organ.

Extrapolation of paediatric OAD and E from adult biokinetic (Ab) data

We extrapolated [8°Rb] paediatric OADp,ab and Ep,an from previously published biokinetic data
obtained in a cohort of 10 healthy adult volunteers aged between 18 and 50 years old (12). At
this purpose, adult TIACs were used in input to OLINDA/EXM 2.1 software program (18),
adopting the available paediatric phantom models (15-y, 10-y, 5, 1-y, and newborn). The Ep,ab
values were obtained for the gender averaged subjects according to the ICRP 103 formalism
(20).
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Determination of the baseline administered activity in paediatric participants

The administered radiotracer activity (Aadmin, in units of MBQ) for paediatric participants in our

cohort was determined based on the EANM paediatric dosage card (6) using the formula:
Aadmin (MBQ) = As (MBQq) - CM

Where As is the radiotracer specific baseline activity in MBq; and CM is the adjusted cluster-
and weight-dependent factor.

The paediatric As corresponds to the baseline activity to be administered to participants with a
body weight of 3kg (6, 7, 21). As previously reported (22, 23), As is the 7% of the reference
70-Kg adult baseline activity (700 MBq for PMT and 350 MBq for SiPM PET devices
respectively). Moreover, limitation of the infusion system of the 82Sr/82Rb generator, which
cannot inject less than 37 MBq, should be taken into consideration.

CM depends on the participant body weight, and it is defined for clusters of
radiopharmaceuticals. The EANM PDC considers three clusters. We used the methodology
proposed by Jacobs et al (21)to determine the pertinent cluster for [22Rb]CI. More details on the

[2Rb]CI cluster determination can be found in the supplementary material.

OAD and E from paediatrics biokinetic data

To derive in-pediatric organ absorbed dose (OADpr) and effective doses (Er), PMOD (PMOD
Technologies, Zurich, Switzerland v.4.105) was used to delineate the source organs in the co-
registered PET/CT images of the 10 included paediatric participants, with CT data as reference
for morphologic organ segmentation. For each participant, for both the rest and stress
conditions, we obtained organ specific normalized TACs (nTACs), organ specific time-
integrated activity coefficient (TIACs in MBqg-h/MBq), mean OADr (in mGy/MBq), the
Wr.icre-103 specific Ep (in mSv/MBq) and subject Ep (in mSv) were obtained. Further details

on the dosimetry can be found in the supplementary methods.

Dosimetry comparison: extrapolation form adult biokinetic vs. paediatric biokinetic data
For the cases 3D PMT and SiPM PET/CT cardiac examinations, we compared Ep and Epab
after a single infusion of [®?Rb]CI. Regarding the effective dose for SiPM PET/CT in the

newborn group, due to the technical limitation of the infuser, the minimal injected activity was
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37 MBq in our study. For the calculation of the effective doses, we used the reference body

weight for different age groups as proposed by the ICRP 89 (24).

Safety and tolerability

Safety and tolerability data were assessed in all participants. Safety and tolerability endpoints,
including assessment of vital signs, clinical symptoms, electrocardiograms at different
timepoints, and advert events in a time interval of 7 days after [®?Rb]CI administration were
reviewed throughout the study. We performed a safety evaluation after completion of each age

group before moving on to the next younger age group.

Results

Participant characteristics

Ten paediatric participants (7 male and 3 female) aged between 1 month and 16 years (8.8 +
6.6) were included in the study. All participants underwent one rest and one stress dynamic
[22Rb]CI PET/CT. Five participants underwent a second dynamic rest acquisition centered on

abdomen. Table 1 gives a summary of the participant characteristics.

Paediatric dose extrapolated from adult biokinetic data
Extrapolated target OADp a0 (MGY/MBQ) and specific Ep,a0 (MSV/MBQ) are reported in table
2.

Dosimetry from paediatric biokinetic data

In Figure 1, we show a representative example of the contouring of the source organs for the
estimation of TACs.

Figure 2 shows nTACs for both rest and stress conditions in selected source organs while for
the same organs, Figure 3 displays the %IA/g obtained in rest condition as a function of the
considered age group.

In Table 3, we reported OADp mean and Epmean as average (rest and stress conditions) subject
OAD-e for target organs and Ep obtained from our paediatric participant cohort (OLINDA/EXM
2.1 and ICRP 103 formalism), stratified for group of ages.

Comparison of paediatric Effective dose obtained from in-adult extrapolated and

paediatric biokinetic data
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Figure 4 illustrates a comparison between Ep.ab resp. Epmean (in mSv), after a single [32Rb]Cl
infusion, obtained from in-adult biokinetic data (data from 3D-PMT PET/CT) resp. from the
paediatric population (data from 3D-PMT and SiPM PET/CT) analyzed in the present study.

Figure 5 illustrates the difference in the mean effective dose coefficient between the in-adult
biokinetic data and from the paediatric population analyzed in the present study, as presented
in Tables 2 and 3.

In supplemental Table 1 and 2, we reported the source organ TIACs, the OADp and Ep for the
10 paediatric participants obtained in both rest and stress conditions. In supplement Figure 1,

we show an illustration on the calculation of the “a-value” and r? value.

Calculation of “a value” for the [??Rb] EANM PDC cluster classification
We calculated an “a value” of -0.89 (R? =0.99) and -0.92 (R? =0.99) for [®°Rb]CI, from adult

biokinetic extrapolations to paediatrics and paediatric participant data respectively.

Figure 6 illustrates the [®?Rb]CI “a value” in relation to the “a factor” range of the different
radiopharmaceuticals. Based on these calculations, [8?Rb]CI can be classified in the B cluster
of the EANM PDC.

Recommendation for the [®?Rb]CI baseline administered activity for paediatrics

We calculated an Ag of 49 resp. 24.5 MBq for PMT resp. SiPM [#?Rb] PET/CT examination
respectively. However, due to the limitation of the infusion system of the 8Sr/82Rb generator,
which cannot inject less than 37 MBq, this latter activity value was given as the baseline and
minimum recommended [8?Rb]CI activity. Thus, following recommendation can be made for

the paediatric dosage card:

Safety and tolerability of [3?Rb]CI administered intravenously
No safety issue related to the administration of [#2Rb]CI were noted during the whole study.
Furthermore, no significant safety issue or adverse events in relation to [?Rb]Cl administration

or not related to [®?Rb]CI administration were reported.
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Discussion

Our study provides the first dosimetry estimates of the cardiac [2?Rb] PET/CT in a paediatric
population, based on extrapolated estimation from in-adult biokinetic data (12) as well as
prospective paediatric biokinetic data. Ep obtained from our paediatric population as well as
from the extrapolation from in-adult biokinetic data, were estimated between 1E-3 and 11E-3
mSv/MBq, depending on the age group. This information supports the approach of adjusting
the administered activity of [(?Rb]CI as a function of the body weight of the paediatric patient
as applied in the EANM PDC approach.

Available [#2Rb] biokinetic data obtained in previous studies used different methodological
approaches, namely the in-vivo in-adult human or animal and the Monte Carlo absorbed dose
extrapolation from Monte Carlo computation of in-silico adult subjects. Based on the model
used, a significant variation in the estimation of [8?Rb] E up to four-fold was observed (9-16),
with values ranging between 3.4E-3 mSv/IMBq (ICRP 53 model (25)), 1.7E-3mSv/MBq
(Leggett et al. model al (26)) and 0.79E-3 mSv/MBq (Stabin model (9)). In 2010,
Senthamizhchelvan et al. published adult biokinetic data on 10 healthy volunteers at rest, using
a multi-bed, multi-injection PET/CT acquisition protocol allowing the inclusion of many
relevant source organs (12). Using the OLINDA/EXM 1.0 and both the Wr.icre-60 (15) and
Whr.icre-103 (20), the authors calculated an [82Rb] E of 1.1 resp. 1.26E-3 mSv/MBq, respectively.
These results were confirmed under stress conditions in a successive human dosimetry study
(13). Finally, Hunter et al. investigated the [8°Rb] biodistribution in 30 participants with known
or suspected CAD (11), using a multibed, multi-injection protocol. The authors estimated an

Wr.icre-103 E by 0.8E-3 mSv/MBQq, a value close to the estimated value of the Stabin model (9).

We based our paediatric dosimetry extrapolation on adult biokinetic data from
Senthamizhchelvan et al (12). This choice was motivated by the similarity of the PET
acquisition methodology. Secondly, the results are a reasonable compromise between the
Leggett et al model (26) and the ICRP 53 model (25). Finally, the estimated E in (12) is the
most conservative among the available estimates based on human data. Ep.an Was between
1.12E-3 and 11E-3 mSv/MBq, corresponding to an estimated subject Epap after a single
infusion of [82Rb] between 0.5 mSv and 0.7 mSv for 3D PMT acquisitions. The most irradiated
organs in all age groups were kidneys, followed by heart wall, adrenal, spleen, lung, pancreas,

thyroid, and the gastrointestinal tract.

Our prospective paediatric study, conducted in accordance with the EANM PDC (6, 7)
methodology, enabled a specific assessment of the [8°Rb] cluster, baseline and minimum
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activity required to adapt the PDC approach for the specific examination. [8°Rb] assignment to
the B-Cluster was expected, since [#2Rb] is neither a tracer for renal studies (Cluster A) nor an
iodine-labelled tracer for thyroid study (Cluster C). The choice of 700 MBq as adult reference
activity for the determination of the baseline activity was guided by its proximity to the mean
administered activity used in the Ruby-Fill™ efficacy study to support [82Rb] adult marketing
application (27) as well as to the lower limit of adult activity recommended in the MPI
guidelines (22). We do not recommend a minimum activity of [3Rb] beyond the baseline
activity based on the controversy in the determination of a minimum activity for 18 fluorine
([*®F]) tracers in the paediatric population (6, 7, 28, 29), and due to the absence of significant
clinical experiences supporting this rationale, as stated by the authors of the first EANM PDC
(30).

In our original and prospective paediatric biokinetic analysis, using the same methodology as
Senthamizhchelvan et al. (12), and following the above-mentioned recommendations, we
estimated Ep between 1E-3 and 10E-3 mSv/MBq, corresponding to an estimated subject Ep after
asingle infusion of [2Rb] between 0.5 mSv and 0.8 mSv for 3D PMT acquisitions, for the 15yo
and the new-born subject respectively. We observed no significant variation of E between stress
and rest study, as reported in the adult population (13). Organ TAC from both rest and stress
conditions (Figure 2) showed the same behaviors and very similar values at method time.
Kidneys and the heart wall in infant and newborn group received the higher absorbed dose,
followed by heart wall (in the other age groups), small intestine, pancreas, spleen, lungs,
adrenals, and the rest of gastrointestinal tract. The analysis of the %IA/g values (Figure 3) as a
function of the time after administration and stratified by age group (12-18, 3-12 and 0-3 yo
respectively) clearly showed that higher values are obtained in the younger patient population
characterized by organs of reduced volumes. This fact translated in higher OADp and Ep values
as the subject age decreases (Table 3). When compared to the extrapolated paediatric dosimetry
estimations from in-adult data, the prospective paediatric dosimetry estimations showed no
significant difference in the age-specific and subject effective dose for 3D PMT acquisitions
(Figures 4 and 5). Thus, our prospective acquired paediatric biokinetic data confirmed the

estimation obtained from the paediatric extrapolation from in-adult biokinetic data.

Using 3D-SiPM instead of 3D-PMT PET/CT allows for halving the adult reference activity
(23). This results in an important reduction of the subject Ep after a single infusion of [3?Rb]
between 0.2 mSv and 0.4 mSv for 3D-SiPM PET/CT (Figure 3). Even when considering the
minimum injected activity of 37 MBq due to the infusion system, the estimated newborn Ep in
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the 3D-SiPM group remains lower in comparison to the one in the 3D-PMT group (Figure 3).
Thus, a rest and stress [82Rb] PET/CT study is feasible in the paediatric population with less
than 1 mSv irradiation when using 3D-SiPM PET/CT system, in opposition to the estimation
between 11 mSv and 40 mSv in a previous study using older PET/CT technology (1). This
places [®?Rb] in the same lower dose range as alternative PET perfusion tracers such as
ammonia (31). Moreover, besides advantages such as the better resolution, the shorter
procedure time and the possibility for absolute quantification of MBF supporting the preference
for PET/CT over SPECT/CT, especially in the paediatric population (31), [2?Rb] PET/CT helps
to guide the clinical management of these patients, avoiding the need for invasive
coronarography in some patients. Finally, no significant adverse events related to the use of

[32Rb]CI were reported in our study, which was in line with previous reports (1-3).

Even if the population is prospectively included, our study is limited by the small number of
participants. However, previous relevant studies on adult dosimetry (12, 13) also included the
same number of patients. In our study, for a better representation of the different age classes,
participants were divided into different age groups and inclusion was made according to these
classifications. Using this strategy helped to guarantee a minimum of representability of each

paediatric age group.

Conclusion

Our study is the first providing comprehensive and detailed dosimetry for [#2Rb] in the
paediatric population. Our data suggest a reasonably low paediatric radiation exposure for a full
stress and rest study, with less than 1 mSv irradiation when using 3D-SiPM PET/CT system.
The procedure is safe and well tolerated in this population. Based on these results, we proposed
a recommendation for an additional line in the EANM PDC for [#2Rb] 3D-PMT and 3D-SiPM
PET/CT.
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Table 1: Characteristics of the studied paediatric participant population

Partici Age Sex Height Weight BMI Reference [82Rb]Cl administered activity (MBq) Sedation Diagnosis Surgery
pant (cm) (kg) (kg/m2)  Phantom Rest - Rest- Stress-
(vear) Thorax Abdomen Thorax
1 15 M 170 80 28 15 829 827 817 No Congenital dilated cardiomyopathy Cardiac transplantation
2 16 M 173 74 25 15 763 765 762 No Anomalous insertion of the LCA Reimplantation of the LCA
3 15 M 176 56 18 15 598 594 576 No Transposition of the great arteries Arterial switch surgery
4 14 F 151 46 20 15 489 492 492 No Transposition of the great arteries Arterial switch surgery
5 8 M 135 33 18 10 377 NA 379 No Non-familial hypertrophic Cardiac transplantation
cardiomyopathy
6 7 F 121 21 14 5 257 NA 260 No Acute cardiac decompensation Cardiac transplantation
with cardiac arrest
7 8 M 121 24 16 10 283 285 288 No Kawasaki disease NA
8 <1 F 60 5.8 16 NB 87 NA 87 Drug sedation Anomalous insertion of the LCA Reimplantation of the LCA
9 1 M 78 9.8 16 1 134 NA 135 Breastfeeding Pulmonary atresia with intact Ligation of the ductus arteriosus and
before the PET/CT interventricular septum right Blalock-Taussig shunt
10 <1 M 56 4 13 NB 55 NA 56 Breastfeeding Transposition of the great arteries Arterial switch surgery

before the PET/CT

BMI : Body mass index ; LCA : left coronary artery ; MBq : Megabecquerel; NA: not applicable
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Table 2: OADp,ap and (Olinda/EXM v.2.1, ICRP-103) Ep,a, estimates from in-adult biokinetic data

Adult 15yo 10yo 5yo 1lyo Newborm

Adrenals 2.51E-03 3.39E-03 4.83E-03 7.17E-03 1.05E-02 1.34E-02
Brain 1.48E-04 1.48E-04 1.69E-04 2.11E-04 3.07E-04 7.05E-04
Breasts 1.50E-04 2.20E-04  0.00E+00 0.00E+00 O0.00E+00 0.00E+00
Esophagus 4.42E-04 5.36E-04 8.94E-04 1.68E-03 3.28E-03 1.00E-02
Eyes 3.02E-04 3.55E-04 5.96E-04 1.11E-03 2.13E-03 5.77E-03
Gallbladder Wall 9.13E-04 1.09E-03 1.77E-03 2.99E-03 5.74E-03 1.58E-02
Left colon 9.50E-04 1.16E-03 1.95E-03 2.96E-03 4.55E-03 1.04E-02
Small Intestine 1.39E-03 1.58E-03 2.65E-03 3.96E-03 5.88E-03 1.23E-02
Stomach Wall 1.12E-03 1.34E-03 2.23E-03 3.40E-03 5.23E-03 1.20E-02

g Right colon 7.57E-04 9.30E-04 1.55E-03 2.40E-03 3.81E-03 8.80E-03
g Rectum 7.12E-04 8.72E-04 1.50E-03 2.38E-03 3.87E-03 8.92E-03
&| Heart Wall 2.50E-03 3.12E-03 5.93E-03 8.05E-03 1.06E-02 3.31E-02
£ Kidneys 5.35E-03 6.32E-03 8.46E-03 1.35E-02 2.06E-02 5.27E-02
Dc% Liver 1.11E-03 1.33E-03 2.03E-03 2.98E-03 5.09E-03 1.23E-02
6': Lungs 2.13E-03 2.70E-03 4.24E-03 6.81E-03 1.26E-02 2.73E-02
| Ovaries 3.15E-04 4.47E-04 7.12E-04 1.11E-03 2.22E-03 7.06E-03
2| Pancreas 1.75E-03 2.12E-03 3.54E-03 5.86E-03 9.79E-03 2.83E-02
| Prostate 3.20E-04 4.00E-04 6.72E-04 1.17E-03 2.74E-03 6.12E-03
Salivary Glands 3.18E-04 3.84E-04 4.01E-04 1.16E-03 2.20E-03 6.13E-03
Red Marrow 3.26E-04 3.68E-04 5.92E-04 1.03E-03 2.28E-03 6.20E-03
Osteogenic Cells 2.51E-04 3.17E-04 4.75E-04 7.09E-04 1.41E-03 3.51E-03
Spleen 2.15E-03 2.33E-03 3.67E-03 5.83E-03 9.88E-03 2.68E-02
Testes 1.80E-04 3.24E-04 1.80E-03 2.30E-03 3.14E-03 5.37E-03
Thymus 5.23E-04 6.15E-04 9.87E-04 1.82E-03 3.67E-03 1.12E-02
Thyroid 1.51E-03 2.18E-03 3.13E-03 6.44E-03 9.86E-03 1.39E-02
Urinary Bladder Wall 4.24E-04 5.00E-04 8.14E-04 1.56E-03 2.86E-03 8.01E-03
Uterus 9.22E-04 2.14E-03 1.26E-02 1.62E-02 2.85E-02 1.39E-02
Total Body 4.64E-04 5.43E-04 9.04E-04 1.50E-03 2.82E-03 7.74E-03
Ep,ab (MSV/MBQ) 8.97E-04 1.12E-03 1.80E-03 2.89E-03 4.91E-03 1.11E-02

Orange italic represents highest absorbed dose
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Table 3: OADp,mean, specific/subject Epmean (Olinda/EXM v.2.1, ICRP-103) from paediatric

biokinetic data.

Ref. phantom (yo) 15 10 5 1 NB
Nb. of participants 4 2 1 1 2
Nb. of [82Rb] studies 8 4 2 2 4
Adrenals 1.71E-03 2.42E-03 4.14E-03 7.27E-03 1.14E-02
Brain 2.76E-04 5.11E-04 7.56E-04 1.72E-03 3.75E-03
Breasts 9.25E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Esophagus 4.81E-04 8.06E-04 1.34E-03 3.81E-03 9.85E-03
Eyes 2.76E-04 5.12E-04 7.43E-04 2.18E-03 4.33E-03
Gallbladder Wall 5.40E-04 9.08E-04 1.20E-03 3.36E-03 6.29E-03
Left colon 2.05E-03 4.98E-03 6.35E-03 5.25E-03 1.55E-02
Small Intestine 3.23E-03 9.42E-03 1.13E-02 9.16E-03 2.27E-02
= Stomach Wall 1.11E-03 2.76E-03 5.77E-03 7.84E-03 1.49E-02
o Right colon 1.49E-03 3.47E-03 4.54E-03 3.93E-03 1.16E-02
é Rectum 1.37E-03 3.26E-03 4.17E-03 4.25E-03 1.10E-02
6 Heart Wall 4.23E-03 6.95E-03 1.11E-02
£ Kidneys
Ao Liver 1.43E-03 2.79E-03 3.54E-03 5.72E-03 1.10E-02
<OE Lungs 2.10E-03 4.01E-03 4.80E-03 1.37E-02 1.70E-02
—  Ovaries 1.08E-04 0.00E+00 9.36E-04 0.00E+00 1.42E-03
3 Pancreas 3.04E-03 5.35E-03 6.57E-03 1.00E-02 1.94E-02
g Prostate 2.39E-04 6.48E-04 0.00E+00 2.45E-03 2.97E-03
= Salivary Glands 2.99E-04 5.41E-04 8.02E-03 2.19E-03 2.84E-02
Red Marrow 6.54E-04 1.25E-03 1.03E-03 3.45E-03 7.09E-03
Osteogenic Cells 5.11E-04 7.93E-04 7.40E-04 2.22E-03 5.42E-03
Spleen 2.61E-03 3.28E-03 5.15E-03 8.48E-03 1.45E-02
Testes 2.01E-04 5.20E-04 1.53E-03 2.43E-03 7.82E-03
Thymus 5.39E-04 8.32E-04 0.00E+00 3.95E-03 4.30E-03
Thyroid 5.57E-04 3.62E-03 4.84E-03 4.49E-03 9.75E-03
Urinary Bladder Wall 3.65E-04 5.97E-04 8.41E-04 2.44E-03 5.21E-03
Uterus 1.15E-04 0.00E+00 1.01E-03 0.00E+00 1.55E-03
Total Body 4.96E-04 9.61E-04 1.37E-03 2.89E-03 5.83E-03
Specific Ep,mean (MSv/MBq) 1.04E-03 2.16E-03 3.08E-03 5.17E-03 9.62E-03
Subject Ep,mean (MSV) 6.68E-01 6.85E-01 7.96E-01 6.87E-01 6.82E-01
Values are obtained as mean of rest and stress values grouped according to participant age. represents

highest absorbed dose
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Table 4: Recommendation for an additional line in the EANM PDC on the use of [®?Rb]
PET/CT

Radiopharmaceutical Class Baseline activity " Minimum

(PET/CT system) (MBq) recommended
activity (MBq)

[82Rb] (3D, SiPM detectors) B 24.5 37

Recommended in children

[32Rb] (3D, PMT detectors) B 49.0 49

*
for calculation purpose only
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Figure 1: PET/CT axial, coronal and MPI of Participant #6 for the frames (from the left to the
right) 4, 28, 60, 92, 138, 306 sec after the start of the administration. PET image intensity is
decay-corrected at the start of the administration.
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Figure 2: [®°Rb]CI organ time-activity curves of selected source organs at rest and stress.
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Figure 3: [®Rb]CI %IA/g of selected source organs at rest. The values are displayed as a
function of the specific group of age. %IA/g are corrected for physical decay at the time of the

start of the administration.
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Figure 4: Comparison of the effective dose per single [3°Rb]Cl study as estimated from in-adult
biokinetic data (12) (in red) and from the considered paediatric biokinetic data. For this latter,
a further differentiation was made between 3D-PMT (in blue) and 3D-SiPM PET/CT (in green).
NBmin represents the estimation of the effective dose in the newborn group, taking into

consideration the minimal injected activity of 37 MBq of the infuser for the 3D-SiPM model.
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Figure 5: lllustration of the difference in the mean effective dose coefficient as estimated by
the in-adult extrapolated paediatric biokinetic data (12) (in red) and those from our paediatric

population (in blue).
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corresponding [32Rb]ClI a value calculated from Epab (red line) and Ep (green line).
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Abstract

Assessing the individual risk of Major Adverse Cardiac Events (MACE) is of major importance
as cardiovascular diseases remain the leading cause of death worldwide. Quantitative
Myocardial Perfusion Imaging (MPI) based on [82Rb] PET using scores based on the global
myocardial average of the stress uptake or on the Myocardial Flow Capacity (MFC) constitutes
the gold standard for prognosis assessment. We propose a systematic investigation of the value
of Artificial Intelligence (Al) to leverage [82Rb] Silicon PhotoMultiplier (SiPM) PET MPI for
MACE prediction. We establish a general pipeline for Al model validation to assess and
compare the performance of global, segmental, radiomics and Convolutional Neural Network
(CNN) models leveraging various MPI signals including stress Myocardial Blood Flow (MBF),
Myocardial Flow Reserve (MFR) or MFC radius based on a dataset of 234 patients. Results
showed that all regional Al models significantly outperformed the traditional global model (p
< 0.001), where the best AUC of 73.9 (Cl: 72.5-75.3) was obtained with a CNN model. A
radiomics model based on intensity features only revealed that the global average was the least
important feature when compared to other aggregations of the MPI signal over the myocardium.

We conclude that Al models can allow better personalized prognosis assessment for MACE.
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Introduction

Major Adverse Cardiac Events (MACE) commonly designates stroke, myocardial infarction,
or cardiac death. As of 2023, those events are most common outcomes of cardiovascular
diseases and remain among the leading causes of death across the world?. Personalized patient
prognosis and the prediction of MACE is therefore a challenge of real interest. Well established
risk factors, such as physical inactivity, unhealthy diet, tobacco, and alcohol use are to take into
account?, as well as family history and genetics when considering clinical predictors3, while
most accurate MACE predictors are based on related medical history*. All those clinical
features are not accurate enough when employed for patient personalized prediction, since a
large proportion of the population with cardiovascular diseases does not manifest any of those
classical risk factors.

Myocardial Perfusion Imaging (MPI) using Single-Photon Emission Computed Tomography
(SPECT) is the most frequently performed nuclear cardiology procedure. It provides a sensitive
tool for the detection, the localization, and the risk stratification of ischemic heart disease, as
well as the assessment of left ventricular function, and the myocardial viability. Furthermore,
MPI based on Magnetic Resonance Imaging (MRI) is used for its anatomic detail, tissue
contrast, spatial and temporal resolution, as well as the lack of ionizing radiation®. As an
alternative, quantitative MPI can be obtained using [#?Rb] Positron Emission Tomography
(PET) and is nowadays a functional and non-invasive method for assessing the risk of MACE,
or to investigate physiological consequences on the organ after a cardiac event®1°. It is already
known to surpass the clinical interpretation of SPECT for MACE prediction'? and was proven
cost effective®?. This procedure quantifies the Myocardial Blood Flow (MBF)

and the Myocardial Flow Reserve (MFR) in the left ventricle. The MFR constitutes the ratio of
MBF during maximal coronary vasodilatation to resting MBF and is therefore impacted by both
rest and stress flow. Thus, it represents the relative reserve of the coronary circulation. Both
MBF and MFR are then mapped onto a Polar Map (PM) for visualization. PM visualization
yields a controlled positioning and parcellation of all subregions of the left ventricle across
patients and acquisitions, based on the 17-segment model of the American Heart Association
(AHA)L,

Various alterations of the MBF have reported associations with an increased risk of MACE.
Physiological expectations of global MBF impairment are related to multi-vessel epicardial
disease or microcirculatory dysfunction. Global stress MBF (i.e., average of the full PM) is

known to be predictive for MACE*4. More isolated MBF alterations could be related to small
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defects caused by epicardial coronary artery diseasel5. To this end, Gould et al. introduced the
Myocardial Flow Capacity (MFC) combining stress MBF and MFR in a two-dimensional
representation®® for categorizing MACE risk.

Nevertheless, the wealth and complexity of the information contained in PMs can be difficult
to fully leverage with the naked eye (e.g., micro lesions or subtle patterns) and is subject to
inter- and intra- observer variability with semiquantitative visual assessment alone. More
informative imaging is needed to provide better individualized risk estimates, with
epidemiological effectiveness but also cost efficiency. Artificial Intelligence (Al) has the
potential to fully exploit the information provided by PET MPI and dramatically enhance the
utility of this powerful modality. Machine Learning (ML) already surpassed the clinical
interpretation of SPECT MPI for MACE prediction in'’. The incorporation of Al techniques to
standardize and automate processing of PET MPI could further improve risk prediction8, %° to
noninvasively support clinical decision for using coronary revascularization?’, as well as an
accurate and systematic assessment of tissue perfusion hemodynamics in a one-stop-shop.

In the specific context of MPI assessed via nuclear medicine and molecular imaging, the very
first studies originated in the 90s. A large body of literature focused on SPECT thanks to its
large usage and availability?*. In 1995, Hamilton et al. used a three-layered Fully Connected
Neural Network (FCNN) fed by vectorized 24 territorial values of PMs from [29'TI] SPECT to
classify normal and abnormal regions with an AUC (Area Under the receiver operating
characteristic Curve) of 0.9622. In 2020, Slomka et al. established the REgistry of Fast
Myocardial Perfusion Imaging with NExt generation SPECT (REFINE SPECT)%, an
outstanding data resource with MACE as the primary endpoint. It includes > 20,000 patients
from nine centers with [*™Tc] SPECT along with extensive additional relevant parameters
concerning patient data, ECG, and interventional information. Using the REFINE SPECT
database, the prognostic performance of the semi-quantitative assessment of SPECT PMs (via
stress Total Perfusion Deficit, TPD?*) was found to be superior to visual assessment for
predicting MACE?. Betancur et al. used LogitBoost26, a ML approach based on clinical and
semi-quantitative imaging variables from [*™Tc] SPECT (e.g., TPD) to predict MACE (3-year
risk), which outperformed visual and semi-quantitative assessments?’.

Deep Learning (DL) is a subcategory of ML that can directly use images as input. It can deduce
and extract optimal image features for the task at hand, obviating the need to handcraft specific
features like in radiomics ML models for instance. [**™Tc] SPECT-based DL using a
Convolutional Neural Network (CNN) was found to be marginally more predictive of

obstructive coronary artery disease (CAD) when compared to semi-quantitative assessment via
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stress TPD?. Diagnosing obstructive CAD using a CNN based on multiple channel input
including stress MBF, wall motion, and wall thickening maps from [**™Tc] SPECT and was
evaluated on the REFINE SPECT?°. Apostolopoulos et al. used CNNs with [*™Tc] SPECT
PMs to classify 216 patients with either flow-limiting- or no- CAD, which reach performance
on par with physicians3®3L, Spier et al. compared various DL approaches to classify between
normal and abnormal [*®*™Tc] SPECT stress and rest PMs32. They compare FCNNs, CNNs on
flattened PMs and Graph CNNs (GCNNs). A large performance gain (= 10%) is observed with
GCNNs when compared to CNNs, suggesting that it is crucial to adequately manage PM
geometry.

First studies on the relevance of Al in PET MPI were recently published33. Juarez-Orozco et
al. used LogitBoost ML with 4 demographic, 8 clinical, and 9 functional variables from [13N]
ammonia PET to predict myocardial ischemia and MACE®*. Wang et al.*® compared the
performance of a Support Vector Machine (SVM) ML model based on 6 MPI variables derived
from both [**N] ammonia and [®F] FDG PET to predict vascular stenosis in patients with
suspected obstructive CAD and achieved an AUC of 0.68. A multi-task ML based on [*3N]
ammonia PET was developed by Yeung et al. to identify impaired MFR as well as
cardiovascular risk factors®. Kwiecinski et al. used ML based on ['®F] sodium fluoride PET
and quantitative plaque analysis on CT angiography to predict the risk of myocardial
infarction®’.

To date, the potential of Al methods to leverage the wealth of [8°Rb] PET has been little
explored. Wang et al. used a FCNN to increase MPI quality®® and DL was used to improve
motion correction in3°. However, to the best of our knowledge, no Al method was proposed yet
for predicting diagnosis or prognosis from [82Rb] PET.

This study aims to provide a systematic exploration of the prognostic value of [8°Rb] PET-
based MPI analysis using Al for MACE prediction. To this end, we systematically evaluate and
compare standard Al approaches from simple Logistic Regression (LR) based on handcrafted
features (e.g., global or regional intensity or radiomics with and without texture features) to
CNNs, as well as their combined performance with clinical data. We address the following
research questions when considering MACE prediction. (i) can regional Al models based on
the AHA 17-segments or the full MBF signal outperform the global MBF average? (ii) can
spatial pattern analysis (i.e. radiomics texture or CNN) improve intensity aggregation (i.e.
radiomics first order statistics)? (iii) can we combine MPI and clinical data to improve MACE

prediction?

210



The paper is structured as follows. Section 1 contains an overview and detailed descriptions of
the dataset, the validation pipeline to compare and evaluate all Al models and all model-specific
information. The predictive performance for MACE is presented, compared, and analyzed in

Sections 2 and 3, respectively.

Methods

This section systematically details the different steps followed across the study, starting with
the descriptions of study population, images acquisition protocols and data format. We then
presenting the general pipeline used to construct and evaluate the LR and CNN models
considered for the classification task of predicting which patients will encounter a MACE based
on [#Rb] PET.

Studied population

Participants with suspected myocardial ischemia were enrolled to undergo [®?Rb] cardiac
Silicon PhotoMultiplier (SiPM) PET/CT at the Lausanne University Hospital between June
2018 and June 2019. All their cardiovascular risk factors and medication use were determined
at time of PET imaging. The Local Ethics Committee approved this study protocol (#PB_2017
—00634), and all participants gave written informed consent prior to inclusion. The dataset used
for this study consists of MBF measurements at rest and under stress for 234 patients, along
with a set of 19 clinical features for each patient (see Appendix A). Among this cohort, there
were 187 patients with no observed MACE in the follow-up days and 47 patients labeled as
having a MACE, the median number of days between PET imaging and first MACE or last

news being 632.

Imaging protocol

All subjects underwent a rest and adenosine or regadenoson stress SiPM PET/CT scan using a
single scanner (Biograph Vision 600, Siemens Medical Solutions, Knoxville, USA). They
fasted for 6 hours and avoided caffeine 24 hours before the test. At rest, a 15-25 seconds (s)
i.v. infusion of 5 MBqg/Kg of 82Rb was injected with an automatic infusion system (Ruby-Fill®
generator and [82RDb] elution system [v3], Jubilant Draxlmage, Kirkland, QC, Canada). 3D
dynamic PET images were acquired starting with the infusion over 6 min. 19s (12 x 8,5 x 12,
1x 30,1 x60,and 1 x 120 s). The stress acquisition followed the same protocol with similar

activity 2 min. into an adenosine infusion (140 mg/kg/min. over 6 min.) or following a
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regadenoson administration (400 pg over 10 s). An accompanying low-dose CT (100 keV, 16
mAS) transmission scan was acquired for attenuation correction. An ordered subsets
expectation maximization algorithm was used for image reconstruction (4 iterations, 5 subsets,
4.0 mm FWHM gaussian post-filter, 220 x 220 pixel matrix size). Blood pressure, heart rate,

and a 12-channel ElectroCardioGram (ECG) were collected during the image acquisitions.

Quantitative myocardial perfusion assessment and data format
Perfusion was quantitatively assessed via MBF in ml/g/min. at rest and stress, using the
FlowQuant v2.7 software (Ottawa, Ontario, Canada) based on a 1-tissue compartment model
and flow-dependent extraction correction“’. Rate-pressure product adjusted rest MBF and MFR
were established to account for elevated resting heart rate or systolic blood pressure by
multiplying rest MBF by 8500 mmHg/min. and dividing by rate-pressure product (resting heart
rate multiplied by resting systolic blood pressure). A dual spill-over correction®! as well as
global partial-volume recovery correction and motion correction*? were systematically applied
to reduce the potential spillover in image-derived blood activity curves. The semi-automated
segmentation of the myocardium was performed using FlowQuant.
The MBF measurements are provided in the form of a polar-pixelized PM stored in 24 x 36
matrices of nonnegative float numbers. The last 8 rows of those matrices were cut off to match
with the set of values commonly used to produce the standard PMs representing the perfusion
of the left ventricle (see the mapping between the MBF matrix and the MBF PMs according to
the 17-segment model in Fig. 1). A measurement matrix is denoted by S =
(S[m,n])1<m<16,1<n<36 € R16x36. Each value S[m,n] represents the perfusion signal at a
given polar pixel, where m characterizes the radius to the pole and n the angular position of the
polar pixel. Note that the matrix has a periodic structure in the sense that the columns 1 and 36
are spatial neighbors in the PM. MBF values were acquired under stress and at rest, leading to
two measurement matrices Sstress MBF and Srest MBF. Three candidates MPI signals were
considered for MACE prediction based on Dietz et al.*:
MBF values measured under stress Sstress MBF,
» MFR values, obtained by taking the ratio between MBF values under stress and
at rest for every element of the MBF matrix; that is SMFR[n,m] = (Sstress
MBF[n,m]) / (Srest MBF[n,m]) and
« MFC radius signal'® defined as SMFC[n,m] = ~(Sstress MBF[n,m]?
+SMFR[n,m]?).

212



In what follow, we denote by S the measurement matrix, which is one of the three MPI signals

introduced above. We also denote by y € R" the feature vector, where n is the number of
considered features for the corresponding model. The various feature vectors y considered are
systematically detailed in the models’ descriptions below. We represent the outcome no MACE
versus MACE by the output variable z € {0, 1}, so that we learn the parameters of the different
LR on the (y, z) relations. All computational operations were performed with Python v3.9.13,

and mainly using scikit-learn v1.0.2 and TensorFlow v2.9.1 libraries.

General pipeline for Al model validation

The considered Al models divide in three categories. LR based on global or segmental analysis,
LR using radiomics features (with or without texture features), as well as CNNs trained from
scratch. Moreover, for each type of LR model we also built a late fusion with a LR exclusively
based on the non-image related 19 clinical features. For all image analysis approaches, we chose
to not to use those PMs as input but to stick with the tabular format S[m,n]. This allowed to
avoid any kind of data transformation such as spatial resampling or intensity binning, as well
as empty corners around the PM. This tabular representation was also used with CNNs in Spier
et al.®.

To systematically compare the different models and assess performance variability, we
followed the same procedure for each model family. We repeated 100 random stratified splits
of the data into a training and a test set, with a 75%-25% proportion (i.e., 175 training cases,
including 35 positive and 140 negative ones). Within each split, the minority class was
oversampled in the training set by duplicating twice every positive case, increasing the training
size up to 245 cases (counting 105 positive and 140 negative cases). This was done to address
the imbalance of our data, whose positive outcomes only represent a fifth of the total sample.
For each tested model, the splits and the shuffling of the training set were the same. The LRs
and the CNN models were then trained (see the details below), and their performances measured
and stored for each split. The intensity and texture features were first standardized based on
training samples in the case of the LRs. The AUC of the considered model was computed for
each split, and the Youden index was used to determine the optimal cutoff value providing the
optimal trade-off between sensitivity and specificity. We finally report the test average
performances measured across the 100 splits. Confidence Intervals (Cl) of the average were
built from 1000 bootstraps to compare all approaches. An overview of the general validation
pipeline is depicted in Fig. 2.
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Segment-based models

The first two models that we evaluated were based on two distinct parcellations of the
considered PMs, hence of the 16 x 36 MBF matrices S (see Fig. 1). The 1-segment model of
the PM corresponds to a global average over the matrix, leading to the single-valued measure
yglobal = 1/36x36 Y 1<m<36, 1<n<16 S[m, n]. We then learn a straightforward LR model
taking the global 16x36 average value of the matrix as unique feature. The 1-segment model
was already reported to be predictive for MACE by Dietz et al.'* and will serve as our baseline.
The second model is based on the standard 17-segment AHA model*® and corresponds to
regional averages, yielding a vector ysegment € R17 of 17 features over each delimited regions
as in Fig. 1. The 17-segment model corresponds to a systematic and quantitative assessment of
the traditional PM visualization. A multivariate LR model was build based on the input ysegment.
For both 1- and 17- segment models LRs were trained using the ElasticNet penalty combining
L1 and L2 regularization*?, which was optimized by cross-validated grid-search over a range
of L1 ratio. The range of values was chosen to promote L1 penalty and thus the sparsity of the
model. The optimized score was AUC, allowing to determine the best estimator over this set of

parameters.

Radiomics models

To proceed to the radiomics features extraction, three sets of images were produced, using
respectively stress MBF, MFR and MFC radius. The SimplelTK Python module was used to
create images from the MBF matrices, which are then saved as image files. A straightforward
global mask was use for feature extraction, which was achieved using PyRadiomics v3.0.1.
Regional masks (e.g., 17 segments) were not considered to limit the number of radiomics
features and risk of overfit.

For the first radiomics model (referred to as “radiomics full”), the full set of standard radiomics
features was included (excluding shape features). We used first order statistics (18 features) as
well as second order (i.e. texture) including Gray Level Cooccurence Matrix (GLCM, 24
features), Gray Level Run Length Matrix (GLRLM, 16 features), Gray Level Size Zone Matrix
(GLSZM, 16 features), Neighbouring Gray Tone Difference Matrix (NGTDM, 5 features), and
Gray Level Dependence Matrix (GLDM, 14 features), for a total of 93 features yielding a vector
yfull radiomics € R93.

The second radiomics model (referred to as “radiomics intensity”) was only based on the 18
intensity features (i.e. first order statistics) and all texture features were left out, yielding a

vector yintensity € R18, where yintensity = yifull radiomics for i = 1,...,18. We set the binWidth
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as the max range of the values across the whole data divided by 16, and the interpolator was
sitkBSpline. The two abovementioned radiomics models were used to investigate the specific
value of spatial pattern analysis via texture features when compared to simpler intensity

measurements.

Late fusion with clinical features

For all four LR-based models previously described, we also implemented a late fusion with a
LR using the 19 clinical features, i.e. yclinical € R19. It was implemented the same way as the
other LR and trained on the exact same splits (see Fig. 2). The decision function was simply
based on an unweighted average of the prediction score (probabilities) of the considered image
model and the clinical model. The LR model was on yclinical has also been evaluated on its

own.

Convolutional Neural Networks

We explored the ability of CNN learn and capture more complex spatial patterns (see Fig. 3)
when compared to all LR-based models. To this end, we compare two shallow architectures
with increasing depths (CNN1 and CNNZ2). Deeper and pre-trained CNNs (i.e. Resnet50) were
preliminary evalutated which did not provided improved results. We focused on the shallow
architectures for the sake of simplicity.

For all CNN models, an extra step consisting of data augmentation was included in the general
pipeline, which was carried out after each train-test split. Since the acquisition of the images is
very controlled, we only introduced minor transformations on the PMs simulating the effect of
annotation uncertainty. In order to do so, the size of the training set was quadrupled using two
types of transformations on the measurement matrices S, corresponding to small variations in
the segmentation of the left ventricle. The first transformation was to apply simple shifts of the
columns of the matrix (on the right and on the left), corresponding to rotations of the PM of
+10 degrees (in both directions). Formally, we define the new matrix with the shift on the right
by S’ with S’ = Sij—1 for j = 2,...,36 and S’ = Si36. Similarly, we define the new matrix with the
shift on the left by ij i1 S"” with S” = Sij+1 for j = 1,...,35 and S” = Sil. For the second
transformation, the last 3 rows of the matrix (corresponding ij i36

to the outer part of the PM) were erased, and the remaining 13 rows were stretched back to 16
rows using linear interpolation. This simulates variations in the adjustment of the segmentation

of the left ventricle on the PET-scan.

215



For the simplest CNN, referred to as “CNN 17, we input the matrices and use a convolution
layer with 64 filters of size 5 x 5, before the Global Average Pooling (GAP) layer. The
architecture ended with a FC layer with 256 hidden neurons and 2 output neurons. The Rectified
Linear Unit (ReLU) activation function was used for the convolutions and FC layers. A softmax
activation function was used for the output layer (see CNN 1 in Fig. 3). For training the CNNSs,
we used a L1-L2 regularizer, an Adam optimizer, and a categorical cross-entropy as the loss
function. We set up a 50 epochs training and used early stopping to avoid overfitting.

A slightly deeper architecture was considered as used by Spier et al. to analyze SPECT -based
MPI in®? (see “CNN 2” in Fig. 3). Similarly to the CNN 1 model, the MBF matrices were used
as input followed by two successive convolution layers. The first one included 64 filters of size
5 x 5, and the second one had 128 filters of size 3 x 3. Each of them used a ReLU activation
function and was followed by a (2 x 2)-max-pooling layer. A flattening layer was used before
the FC layer including 256 hidden neurons and 2 output neurons. ReLU and softmax activation

functions were used similarly to the previous model.

Results

Table 1 summarizes all the results computed for all tested models when using stress MBF, MFR
and MFC radius. Fig. 4 compares Kaplan-Meier curves and log-rank tests based on the risk
scores of the clinical, global and CNN2 models. The low versus high risk groups are based on
the median of the scores for each model. Fig. 5, reports the set of features selected by ElasticNet

for the radiomics intensity model across all 100 split repetitions (see Fig. 2).

Discussion

In this study, we investigated the value of Al for analyzing [®?Rb] PET-based MPI in order to
predict MACE. To this end, we systematically implemented and compared standard Al
approaches with a global validation pipeline. In particular, we used LRs based either on MBF
segmental or radiomics (with and without texture) features, as well as shallow neural networks
with convolution. We also considered a late fusion with a LR model uniquely based on clinical
features. The three input MPI signals including stress MBF, MFR and MFC radius were also
compared for all models. The training and the evaluation of all these approaches was carried
out with a systematic validation pipeline allowing fair and reproducible comparisons between
the approaches. The respective performance of models and MPI signals were evaluated based
on AUC, sensitivity and specificity estimated across 100 random train/test splits of the original
data.
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We interpret the comprehensive performance comparisons presented in Table 1 as follows.
First, the use of stress MBF or MFR seems to perform equivalently on most of the models,
whereas for the MFC radius the performance is consistently better. When focusing on the
models based on MFC radius, we observe a significant improvement in average performance
when using the regional information across the 17 segments versus using the global average
alone (average AUCs of 73.4 and 70.5, respectively, p < 0.001). Next, we note that the models
including clinical features do not yield higher AUCs than models that purely rely on image
information. Thus, there is no real added value to include the clinical information for this
approach, and purely image-based models perform best. Finally, we observe that the models
including texture information such as CNNs and radiomics full do not systematically
outperform models based on simpler intensity features (i.e., segment-based and radiomics
intensity models). For instance, the performance of the 17-segment regional model (average
AUC of 73.4) was found not to be significantly inferior (p = 0.33) to the one of the CNN2
model (average AUC of 73.9). It indicates that the texture information (i.e., subtle spatial
patterns that are mostly invisible to the naked eye) contained in the MBF matrices does not
predict MACE better than intensity information alone. This suggests that the spatial
characteristics of MBF patterns are not relevant for MACE prediction. It is worth noting that
the texture features were aggregated over the entire MBF matrix, and (3- or 17-) segmental
aggregation was not investigated to keep smaller number of features per patient. When
analyzing intensity features that are retained in the radiomics intensity model in Fig. 5, it is
remarkable that "original_firstorder_Mean", being strictly equivalent to the global model, is the
feature that is the least often selected. This suggest that the spatial aggregation of the MBF
signal requires more sophisticated stategies than a global average. Skewness, kurtosis and the
minimum of the MBF distribution constituted the best group of intensity features. The Kaplan-
Meier analyses reported in Fig. 4 demonstrates that Al models allows better separability of low
versus high risk groups when compared to the global average or clinical models.

We conclude that Al can be valuable to better leverage the complexity and the quantitative
nature of [82Rb] PET-based MPI when compared to a global average of the PMs, where both
the radiomics intensity and CNN 2 models achieved the best observed average AUCs of 73.8
and 73.9 respectively. However, models that are able to leverage subtle spatial patterns did not
improved the quality of MACE prediction.

We recognize several limitations of the current work. This study is based on a single center
with relatively limited sample size. It would be of interest to apply this pipeline to a larger

database collected across multiple centers. While this first study focused on traditional Al
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methods (i.e. radiomics with LR and simple NNs), more advanced Al methods will be
investigated in future work. In particular, the tabular representation (i.e. MFB matrix) used as
input to the models suffers from spatial distortion. It is worth noting that using PMs as input
would also involve spatial distortions in the apex region. Nevertheless, future work will
consider graph-based CNNSs as this approach showed to better leverage the spatially distorted
content of PMs for MPI abnormality classification in SPECT-based MPI%2. Another limitation
of this study lies in the imbalance of the data, even though we reduce its impact by addressing

the lack of positive cases with the oversampling of the minority class.
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TABLES

Table 1: Average test performance of the models computed across 100 stratified randomsplits.

Boostrap-based 95% confidence intervals are reported for AUC. A LR model based on the 19

clinical features only achieves an AUC of 63.0 [61.5, 64.3], with a sensitivity of 70.6 and a

specificity of 62.4.
stress MBF MFR MFC radius
model #feat. || AUC | sens. | spec. || AUC | sens. | spec. || AUC | sens. | spec.
global 1 68.3[67.0,69.7] | 804 | 624 | 69.7(68.4,71.2] | 72.5 | 69.4 | 70.5[69.4,71.8] | 774 | 66.0
regional 17 71.2[69.6,72.4] | 78.1 | 653 || 71.6[70.4,72.9] | 743 | 69.8 | 73.4[72.3,74.7] | 748 | 72.0
radiomics full 93 67.4[66.0,69.0] | 723 | 64.7 || 68.7[67.2,70.4] | 73.1 | 67.5 || 71.6[70.0,73.0] | 724 | 71.1
radiomics intensity | 18 73.2[71.6,74.5] | 77.1 | 70.2 || 68.4[66.9,69.8] | 73.3 | 66.8 | 73.8[724,75.1] | 76.4 | 67.7
CNN 1 - 70.0 [68.5,71.3] | 80.1 | 64.3 || 70.3[69.0,71.8] | 74.4 | 71.1 | 73.6[72.4,74.8] | 74.8 | 71.0
CNN 2 - 71.3[69.7,72.8] | 814 | 649 | 70.8(69.4,72.2] | 77.3 | 664 | 73.9([725,753] | 715 | 69.0
clinical + global 20 67.6 [66.3,68.9] | 77.6 | 61.6 || 68.5[67.2,69.8] | 75.2 | 64.6 | 69.1 [68.0,70.3] | 79.0 | 62.8
clinical + regional | 36 70.9[69.4,72.1] | 782 | 65.3 || 71.8[70.6,73.0] | 76.9 | 68.4 | 72.5[71.3,73.8] | 76.5 | 70.0
clin. + rad. full 112 69.1[67.7,70.5] | 729 | 67.1 || 70.8[69.1,72.3] | 78.0 | 67.1 || 72.8[71.2,74.1] | B0.0 | 674
clin. + rad. intens. | 37 71.5(70.2,72.8] | 76.7 | 65.9 || 69.9 [68.5,71.3] | 779 | 645 | 72.7(71.3,73.8] | 80.0 | 67.7
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FIGURES

Figure 1: Right: Polar Map (PM) representation of the myocardial perfusion with 17-segment
AHA parcellation. 3-segment parcellation is depicted with yellow (Right Coronary Artery,
RCA), purple (Left CircumfleX artery, LCX) and cyan (Left Anterior Descending artery)
colors. The mapping between the 16 x 36 MBF matrix S (left) and the MBF PM (right) is

depicted.

17 segments

(16x36) matrix 4 acal anterior 7. mid anterior 13. apical anterior
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4. basal inferior 10. mid inferior 16. apical lateral
5. basal inferolateral 11. mid inferolateral 17. apex
6. basal anterolateral 12. mid anterolateral
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Figure 2: General pipeline for Al model validation.
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Figure 3: CNN architectures. CNN2 was proposed by Spier et al. for MPI analysis based on
the MBF matrix S%.

-
CNN1
-
( Max pooiing
64 (Sx5)-fiters
(2x2)-finers 128 (3x3)-fiters
i W PuLl) ectvadicn with ReLu actvaton
CNN 2 4
D.4..4........‘..:‘.‘.‘.iii'.::'.:::u.. D --------
1o s L I y
AxIexon (nx12x32x64) 0 (nx4x14x128)
= (nx6x 16 x64)

227



Figure 4: Kaplan-Meier analysis of the models. Low versus high risk groups are split based

on the median score.
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Figure 5: Features selection count for the MFC radius radiomics intensity model over the 100
repeated splits (see Fig. 2). Maximum number of times a feature can be selected is 100, i.e. at
each split. The global average of the PM, referred to as “original firstorder Mean” is the one

chosen least often.
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Abstract

Background

The primary aims of this study were to compare in patients with esophageal or esophagogastric
junction cancers the potential of 8Ga-NODAGA-RGD PET/ CT with that of ®F-FDG PET/CT
regarding tumoral uptake and distribution, as well as histopathologic examination.

Methods

Ten %Ga-NODAGA-RGD and ten 8F-FDG PET/CT were performed in nine prospectively
included participants (1 woman; aged 58+8.4 y, range 40-69 y). Maximum SUV (SUVmax) and
metabolic tumor volumes (MTV) were calculated. The Mann-Whitney U test and Spearman
correlation analysis (p) were used.

Results

68Ga-NODAGA-RGD PET/CT detected positive uptake in 10 primary sites (8 for primary
tumors and 2 for local relapse suspicion), 6 lymph nodes and 3 skeletal sites. ®F-FDG PET/CT
detected positive uptake in the same sites but also in 16 additional lymph nodes and 1 adrenal
gland. On a lesion-based analysis, SUVmax of F-FDG were significantly higher than those of
8Ga-NODAGA-RGD (4.9 [3.7-11.3] vs. 3.2 [2.6-4.2] g/mL, p = 0.014). Only 1 participant
showed a higher SUVmax in an osseous metastasis with 8Ga-NODAGA-RGD as compared to
18F-FDG (6.6 vs. 3.9 g/mL). Correlation analysis showed positive correlation between ¥F-FDG
and %8Ga-NODAGA-RGD PET parameters (p = 0.56, p = 0.012 for SUVmax, p=0.78, p <0.001
for lesion-to-background ratios and p = 0.58, p = 0.024 for MTV). We observed that F-FDG
uptake was homogenous inside all the confirmed primary sites (n = 9). In contrast, ®8Ga-
NODAGA-RGD PET showed more heterogenous uptake in 6 out of the 9 confirmed primary
sites (67%), seen mostly in the periphery of the tumor in 5 out of the 9 confirmed primary sites
(56%), and showed slight extensions into perilesional structures in 5 out of the 9 confirmed
primary sites (56%).

Conclusions

In conclusion, 8Ga-NODAGA-RGD has lower potential in the detection of esophageal or
esophagogastric junction malignancies compared to ®F-FDG. However, the results suggest that
PET imaging of integrin ovps expression may provide complementary information and could

aid in tumor diversity and delineation.
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Introduction

Angiogenesis is defined as an active process, which regulates the growth of new blood vessels
from a pre-existing vascular bed and exerts a prominent role in promoting tumor growth,
progression, and metastasis. Integrin avBs is highly expressed on activated endothelial cells of
tumor neovasculature and has a key role in tumor angiogenesis (31). Arginine-glycine-aspartate
(RGD) peptides have a high binding affinity and specificity with integrin ovps. As a result, a
variety of RGD-based positron emission tomography (PET) imaging agents have been
developed to visualize integrin oavps expression (32,33). NODAGA-RGDyK, (cyclo[L-
arginylglycyl-L-alpha-aspartyl-D-tyrosyl-N6-([4,7-bis(carboxymethyl)octahydro-1H-1,4,7-
triazonin-1-yl]acetyl])-L-lysyl]), is a recently developed RGD peptide designed for PET
imaging of avf3 integrin expression (34). The component NODAGA is a derivate of the NOTA
system, which has no influence on receptor-specific binding and possesses high binding
properties for radiometals with a ion radius like %Ga (35). 8Ga-NODAGA-RGDyk has
favorable biokinetics and safety profile (36,37).

Esophageal cancer is the seventh most common cancer worldwide and accounts for more than
half a million deaths each year (38). The incidence of esophageal squamous-cell carcinoma
(SCC), the most common histologic type, has been stable, whereas there is an increasing
number of esophageal and esophagogastric junction (EGJ) adenocarcinomas in Western
countries (39). Angiogenesis was identified as a poor prognosis marker in esophageal cancer
(40). Ramucirumab, a vascular endothelial growth factor-receptor 2 (VEGFR-2) antibody, as a
single agent or in combination with paclitaxel, is included as an option for second-line or
subsequent therapy for patients with metastatic disease (41,42). However, more data are needed
to ascertain whether the addition of such antiangiogenic therapy to other first-line
chemotherapy regimens can improve overall survival (41,43,44). Currently, there are no
validated biomarkers to select patients for antiangiogenic therapy. Thus, imaging angiogenesis
could be crucial to prescreen patients who will benefit from antiangiogenic therapy.

We hypothesized that the molecular imaging visualization of integrin avps expression using
8Ga-NODAGA-RGD PET/CT could be valuable in exploring esophageal or EGJ
malignancies. The primary aims of this study were, first, to compare in patients with esophageal
or EGJ cancers the potential of ®¥Ga-NODAGA-RGD PET/ CT with that of 8F-FDG PET/CT
regarding tumoral uptake and distribution, as well as histopathologic examination, and second,
to evaluate quantitative functional imaging parameters from %Ga-NODAGA-RGD PET/CT as
potential prognostic markers for disease-free survival (DFS).
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Methods

Participants

This study was approved by the ethics commission Vaud (protocol CER-VD #120/12) and
registered at Clinical-Trials.gov (NCT02666547). Each participant signed a written informed
consent form. Inclusion criteria consisted of biopsy-proven esophageal or EGJ cancer, age < 85
years, Karnofsky index > 80%, and signed consent form. Exclusion criteria consisted of
pregnancy, lactation period, and age < 18 years.

TNMp or TNMyp (yp denotes the pathological stage after neoadjuvant therapy) stages and DFS
(times from the date of scans to the first date of disease recurrence or death) were recorded,
according to the criteria of the seventh edition of the Cancer Staging Manual of the American
Joint Committee on Cancer. Recurrence was defined as the appearance of one or more new
lesions confirmed by imaging or by cytologic or pathological evaluation. Pathology or follow-

up examinations were assessed as ground truth in correlation with PET scans.

PET/CT acquisitions

All the enrolled participants underwent Ga-NODAGA-RGD and ®F-FDG PET/CT using a
single dedicated PET/CT scanner (Discovery 690 TOF; GE Healthcare, Waukesha, WI, USA).
The same procedure for both #Ga-NODAGA-RGD and *F-FDG PET/CT was used for data
acquisition. A pregnancy test was done before the scan in women of childbearing age.
Acquisitions were performed with 3 min per bed position. PET data were reconstructed using
OSEM (3 iterations, 16 subsets). Vertex to mid-thigh unenhanced CT was acquired for
attenuation correction (120 kV, 60 mA, 0.8 s/rotation, pitch 0.9, CTDI 4.54 mGy). The axial
resolution was full width at half maximum of 4.7 mm, at 1 cm from the center of the field of
view. The mean positron ranges of 8F and of ®3Ga are 0.6 mm and 2.9 mm, respectively.

For 8Ga-NODAGA-RGD PET/CT, participants were injected with ¥ Ga-NODAGA-RGDyk.
PET/CT images were acquired 59.6£3.5 (range 57—69) min after intravenous administration of
197.5+19.0 (range 165-218) MBq %8Ga-NODAGA-RGDyk in an antecubital vein followed by
10 mL of 0.9% NacCl solution.

For 18F-FDG PET/CT, participants fasted at least 6 h. Blood glucose levels were checked before
BE-FDG administration and were confirmed to be < 8.3 mmol/L. PET/CT images were
acquired 62.4+6.1 (range 55-72) min after intravenous injection of 243.5£54.8 (range 155—
360) MBq 8F-FDG in an antecubital vein followed by 10 mL of 0.9% NaCl solution. The time
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interval between $8Ga-NODAGA-RGD PET/CT and ®¥F-FDG PET/CT was 4.9+2.6 (range 1—
9) days.

Image analysis

PET images were analyzed based on standardized uptake value (SUV) measurements in both
data sets ((8Ga-NODAGA-RGD and ‘8F-FDG), using a workstation equipped with dedicated
analysis software (Syngo.via, VB30, Siemens Healthineers, Erlangen, Germany). Scans were
evaluated by two experienced nuclear medicine physicians (JOP and MD), blinded to
participant's clinical and histological information. Any difference of opinion was resolved by a
consensus. Through visual analysis, positive uptake was identified as areas of focal increase in
contrast to the surrounding normal tissue. For the calculation of maximum SUV (SUVmax) and
of metabolic tumor volumes (MTV), circular regions of interest were drawn around tumor
lesions with focally increased uptakes in transaxial slices and automatically adapted to 3-D
volumes of interest (VOI) delineated around lesions using 60% SUV max thresholds. Lesion-to-
background ratios were computed. For the definition of the background, 10-mm-radius circular
volumes of interest were drawn in the right atrium (blood pool activity), and the SUV mean Was
recorded.

The locations of the maximum uptake pixel within primary sites were visually identified in both
data sets (*8Ga-NODAGA-RGD and 8F-FDG), and the distance in millimeter (mm) between

them was measured.

Histopathology
Histopathological analysis of tissues obtained from biopsies or resected surgical specimens

were based on pathology reports.

Statistical analysis

The statistical analysis was performed using R version 4.0.3 (R Foundation for Statistical
Computing, Vienna, Austria). We assessed the distribution of data with the Shapiro-Wilk test.
Continuous parametric variables were expressed as mean + SD. Nonparametric data were
presented as median [interquartile range] and compared using the Mann-Whitney U test.
Spearman correlation analysis (p) was used to evaluate potential interrelation between tracers
uptake parameters. Cox’s proportional hazards regression analysis was used to assess the effects

of covariates on survival times. A p value of < 0.05 was considered statistically significant.
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Results

Participants

In total, ten ®Ga-NODAGA-RGD and ten ®F-FDG PET/CT were performed in nine
prospectively included participants (1 woman; aged 58+8.4 y, range 40—69 y). Participant’s
characteristics are summarized in Table 1. Six had adenocarcinoma, and three had squamous-
cell carcinoma.

Previous therapies before the PET evaluation as well as following therapies after the PET
evaluation are described in Table 2. One participant had an antiangiogenic therapy
(ramucirumab) 44 days before the ¥Ga-NODAGA-RGD PET/CT.

Comparison of %8Ga-NODAGA-RGD PET and ®F-FDG PET data

%8Ga-NODAGA-RGD PET/CT detected positive uptake in 10 primary sites (8 for primary
tumors and 2 for local relapse suspicion), 6 lymph nodes and 3 skeletal sites. F-FDG PET/CT
detected positive uptake in the same sites but also in 16 additional lymph nodes and 1 adrenal
gland. Data from histology (n=17) or follow-up imaging (n=19) confirmed malignancies,
except for a local relapse suspicion (histology proven esophageal candidiasis). An example of
an intense 8F-FDG uptake in a lymph node metastasis but without increased ¥Ga-NODAGA.-
RGD uptake is shown in Fig. 1.

The SUVmax measurements of 8Ga-NODAGA-RGD and 8F-FDG in confirmed lesions are
shown in Table 3. On a lesion-based analysis, SUVmax of 8F-FDG were significantly higher
than those of ®8Ga-NODAGA-RGD (4.9 [3.7-11.3] vs. 3.2 [2.6-4.2] g/mL, p = 0.014). Only 1
participant showed a higher SUVmax in an osseous metastasis with Ga-NODAGA-RGD
compared with 8F-FDG (SUVmax 6.6 vs. 3.9 g/mL, Fig. 2). Blood-pool activities of 8F-FDG
were significantly higher than those of ®Ga-NODAGA-RGD (1.8 [1.7-2.2] vs. 1.2 [1.0-1.2]
g/mL, p = 0.001). When lesion-to-background ratios were compared, no significant difference
was found between 8F-FDG and ®Ga-NODAGA-RGD (2.6 [1.3-5.9] vs. 2.1 [1.9-4.0], p =
0.9). Correlation analysis showed moderate to good positive correlation between F-FDG and
8Ga-NODAGA-RGD PET parameters (p = 0.56, p = 0.012 for SUVmax, p = 0.78, p < 0.001 for
lesion-to-background ratios and p = 0.58, p = 0.024 for MTV; Fig. 3).
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Table 1 Baseline characteristics

N 9
Age,y 58+84
Men 8 (89%)
Body mass index (kg/m?) 29441
Tumor location at initial diagnosis—N (%)

Esophagus 8 (89%)
Gastroesophageal junction 1(1196)
Histologic type—N (96)

Adenocarcinoma 6 (67%)
Squamous cell carcinoma 3(33%)
Fathological lymph node status—N (%)

ypNO 1(11%)
= ypN1 3(33%)
pNO 3 (33%)
2 pN1 0

Not known 2 (22%)
Pathological tumor status—N (%)

ypl0 1(11%)
ypT1 orypl2 0

ypl3 orypl4 3(33%)
pl0 0

pT1 or pT2 2 (22%)
pl3 or pT4 1(11%)
Not known 2 (22%)
Histologic grade

1or? 8 (89%)
Jor4d 1(119%)
Not assessed 0

Tumor-cell PD-L1 expression—N (%)

<1% 0

=1% 2 (22%)
Indeterminate or could not be evaluated 7 (78%)
HER2 status

Pasitive 0
Negative 5 (56%)
Not reported 4 (44%)
ECOG performance-status score—N (%) *

0 6 (67%)
1 3(33%)

*ECOG performance-status scores range from 0 to 5, with higher scores indicating greater disability

We incidentally detected a focal increased uptake of 8Ga-NODAGA-RGD in the thyroid,
which was absent on the F-FDG PET scan. No further investigation could have been done
since the participant died 48 days after the 8Ga-NODAGA-RGD PET/CT.
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Table 2 Therapy

Participants who received concurrent chemoradiotherapy—N Prior scans Subsequent
(%) scanst
Chemotherapy Neoadjuvant—N (%)

Carboplatin/paclitaxel 1(11%) 3(33%)
Cisplatin/fluorouracil 0 1(11%)
Other 0 0
Radiotherapy in concurrent chemoradiotherapy—N (%) 1(11%) 4 {44%)
Radiotherapy dosage, Gray—~N (%)

<414 0 2(22%)
<40 0 0
40-<414 0 2(22%)
41.4-504 1{11%) 2(22%)
>504 0 0

Not reported 0 0
Farticipants with any therapies—N (%)

Surgery 2(22%0) 5 (569%)
Interventional radiclogy 0 1{11%)
Systematic therapy—IN (%)

Immunotherapy 0 2 (22%)
Targeted therapy—N (%)

Anti-angiogenic therapy 1(11%) 0
Other systemic anticancer therapy/chemotherapy 2(22%) 1(11%)

tBefore first outcomes

Table 3 Measurements of ®*Ga-NODAGA-RGD or '8F-FDG uptake in confirmed positive uptake

5 Ga-NODAGA-RGD 18E.FDG
All Median Median Median Confirmed Median Median Median Confirmed
SUVmax Tumor-to MTV60%  Lesions SUVmax Tumaor-to MTV 60% Lesions
{g/mL) blood pool {em?) (N) (g/mL) blood pool {em?) (N)
background background
ratio ratio
Primary 385 458 521 9 12.1 594 23 9
sites
Involved lymph nodes
Neck and NA MNA NA MNA 43 239 1.03 1
supraclav-
icular
Mediasti- 32 193 1.07 5 375 1.99 073 14
num
Abdomen- 233 154 1.38 1 5 278 085 7
Pelvis
All 285 154 147 6 356 217 0.94 22
Bone and visceral metastases
Bone 35 285 277 3 39 1.4 s 3
Adrenal NA MNA NA MNA 561 338 1218 1
gland
All 35 285 277 3 476 239 643 4

NA not applicable
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Fig. 1 °®Ga-NODAGA-RGD PET/CT (A), PET (B, D) and CT (C) and '®F-FDG PET/CT (E), PET (F, H) and CT (G)
views of an upper paratracheal lymph node metastasis (asterisks) showing no increased %Ga-NODAGA-RGD
uptake but intense '*F-FDG uptake (SUV 1 3.9 9/mL) in a 59-year-old participant with esophageal squamous
cell carcinoma

Fig. 2 %*Ga-NODAGA-RGD PET CT (A), PET (B, D) and CT (C) and '8F-FDG PET CT (E), PET (F, H) and CT (G)
axial views showing more intense ®*Ga-NODAGA-RGD uptake compared with '*F-FDG uptake (arrows) of an
osteolytic lesion (asterisks) of a 63-year-old participant with a metastatic esophageal adenocarcinoma
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Fig. 3 Scatterplots showing positive correlation of SUV,,,,, (A), lesion-to-background ratios (B) and metabolic
tumor volumes (MTV) (C) of '®F-FDG and *®Ga-NODAGA-RGD uptake on per-lesion basis



Uptake patterns within primary lesions

The distribution of both tracers within primary sites was different. We observed that F-FDG
uptake was homogenous inside all the confirmed primary sites (n = 9). In contrast, %Ga-
NODAGA-RGD PET showed more heterogenous uptake in 6 out of the 9 confirmed primary
sites (67%), seen mostly in the periphery of the tumor in 5 out of the 9 confirmed primary sites
(56%), and showed slight extensions into perilesional structures in 5 out of the 9 confirmed
primary sites (56%). An example of these different uptake patterns is shown in Fig. 4.

The median distance between the maximum uptake locations of both scans was 6.5 [4.5-14]
mm. This median distance was greater than the PET/CT scanner resolution and the mean

positron ranges of '8F and %8Ga.

Effect of pathological tumor status and histologic grade

Both tracers” SUVmax in primary lesions did not correlate with pathological tumor status
(dichotomized by status Tp or Typ <2 vs. Tp or Typ > 2; %8Ga-NODAGA-RGD, 3.8 [3.2-5.1]
vs. 4.6 [3.7-5.0] g/mL; 8F-FDG, 12.1 [10.5-13.6] vs. 16.8 [10.0-17.0] g/mL, p > 0.57 for
both).

Both tracers” SUVmax in primary lesions did not correlate with pathological tumor status
(dichotomized by histologic grade 1 or 2 vs. histologic grade 3 or 4; ®Ga-NODAGA-RGD, 3.9
[3.0-5.3] vs. 4.6 g/mL; ®F-FDG, 12.1 [7.7-14.6] vs. 16.8 g/mL, p > 0.5 for both).

R . R
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Fig. 4 °*Ga-NODAGA-RGD PET/CT (A), PET (B, D) and CT (C) and '*F-FDG PET/CT (E), PET (F, H) and CT
(G) axial views of a primary lesion (asterisks) in a 53-year-old participant with esophageal squamous cell
carcinoma. Note intense homogenous uptake in the primary lesion on '8F-FDG PET/CT (SUV,,, 12.1 g/mL,
metabolic tumor volume 2.54 cm?), whereas the primary lesion demonstrates a different uptake pattern in
the corresponding **Ga-NODAGA-RGD PET/CT image: a weaker and more heterogeneous uptake (SUV,,,,,
5.1 g/mL), seen mostly in the periphery of the tumor, with a slight extension in perilesional structures
(arrows), and a larger metabolic tumor volume (metabolic tumor volume 5.35 cm?)
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Outcomes

Over the 825 + 623 days [range 48-1786] of follow-up, 4 participants have experienced disease
recurrence and 2 participants died. The median progression-free survival was 308 days. No
88Ga-NODAGA-RGD uptake measurement in primary lesions turned out to be a prognostic
factor for DFS on univariate analysis (SUVmax, HR 95% CI: 0.44 to 2.71, p = 0.8; Lesion-to-
background ratio, HR 95% CI: 0.62 to 2.22, p = 0.6; MTV 60%, HR 95% CI: 0.83 t0 1.59, p =
0.4). Interestingly, the only participant who showed a lesion with a higher SUV max with ®#Ga-
NODAGA-RGD compared with 8F-FDG (Fig. 2) experienced disease recurrence 231 days
after the ®Ga-NODAGA-RGD PET/CT study and died 962 days after, during disease
progression with fluorouracil, I-leucovorin, and irinotecan chemotherapy. Nevertheless,
statistically, the presence of a lesion with higher SUVmaxwith $8Ga-NODAGA-RGD compared
with ®F-FDG did not turn out to be a prognostic factor for DFS on univariate analysis in the
current small cohort (HR 95% CI: 0.22 to 20.5, p = 0.5).

Discussion

We report several notable findings from this prospective preliminary study of ®Ga-NODAGA-
RGD PET imaging in esophageal or esophagogastric junction cancers. First, the molecular
imaging visualization of integrin avBs expression using ®Ga-NODAGA-RGD PET/CT has
lower potential in the detection of esophageal or esophagogastric junction malignancies
compared to the visualization of glucose metabolism with 8F-FDG PET/CT. However, %Ga-
NODAGA-RGD PET/CT showed different uptake patterns in most primary lesions than *F-
FDG PET/CT, and %8Ga-NODAGA-RGD uptake was not systematically lower, suggesting that
%8Ga-NODAGA-RGD may provide complementary information.

The study of molecular imaging of integrin expression focused on esophageal or EGJ
malignancies has not previously been well-established in the literature. To the best of our
knowledge, the only previous study evaluating RGD imaging on the evaluation of esophageal
cancer is a prospective study by Zheng et al., investigating the efficacy of [**"Tc]3PRGD: on
standard gamma cameras (45).

Our finding of a lower detection rate of 8Ga-NODAGA-RGD than 8F-FDG imaging in
detecting malignancies is not unexpected and is consistent with previous other cancer studies
in humans. Zheng et al. found a lower sensitivity than ®F-FDG imaging for detecting small
esophageal metastatic lesions in lymph nodes. Beer et al. found a lower sensitivity for lesion

detection for F-galacto-RGD PET as compared to 8F-FDG PET in eighteen cancer patients,
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mostly with non-small cell lung cancer (46). Haubner et al. demonstrated no increased uptake
of 8Ga-NODAGA-RGD in hepatocellular carcinoma compared with the background liver
tissue (47). In contrast, *¥F-FPPRGD2 showed higher sensitivity and specificity than *F-FDG
in a preliminary PET study on breast cancer by lagaru et al. (48).

The finding of a significantly higher uptake with 8F-FDG than with ®Ga-NODAGA-RGD in
positive lesions is also not surprising, and consistent with previous studies in humans (46,49).
To explain this difference in tracer uptake Beer et al. argued that ‘8F-galacto-RGD binds
predominantly to endothelial cells, with a substantially smaller number than the number of
FDG-avid tumor cells (46). As both 8F-Galacto-RGD and ®¥Ga-NODAGA-RGD demonstrated
similar preclinical results (50), this same theory could be applied to our study. However, a
significantly lower tracer uptake does not necessarily mean a lower lesion-to-background ratio.
In the present study when lesion-to-background ratios in positive lesions were compared, no
significant difference was found between *F-FDG and %8Ga-NODAGA-RGD. Same results
were shown in a prospective study by Minamimoto et al. (51). By comparing ‘8F-FPPRGD>
and '8F-FDG uptake values in various non-esophageal cancer patients, those authors showed
no significant difference in tumor-to-background ratios between both tracers. The low RGD-
based tracer uptake in several areas such as the lung, muscles, fat, the brain, or the myocardium
could be an advantage for both qualitative and quantitative evaluation of thoracic, breast or
brain lesions (46,51), or for non-oncological applications such as cardiovascular imaging or
inflammatory diseases (Dietz et al. 2021; Ebenhan et al. 2021; Dietz et al. 2022; Zhu et al.
2014).

An encouraging finding is the fact that an osteolytic malignant lesion showed a clearly more
intense 3Ga-NODAGA-RGD uptake as compared to F-FDG. This result is consistent with
preclinical data, which supported that RGD-based PET tracer has the potential to effectively
image bone metastases, especially in osteolytic metastases, by targeting of the avps integrin on
osteoclasts and the proinflammatory cells involved at the bone metastatic site (56). In a pilot
prospective study of 8F-Alfatide Il for detection of skeletal metastases in humans, Mi et al.
showed high positive predictive value in the detection of bone metastases, with high lesion-to-
background contrast (57). This observation is in alignment with the hypothesis that RGD-based
imaging may provide complementary information in imaging cancer patients.

We strongly believe that the complementary information provided by molecular imaging of
avBs expression could be clinically relevant. Integrins, especially the avfs, are associated with
tumor angiogenesis and the blockade of integrin signaling has been shown to inhibit tumor

growth, angiogenesis, and early metastasis (Liu et al., 2008). Despite the intriguing concept of
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anti-angiogenesis, initially described by Folkman et al. (Folkman et al., 1971), the real
therapeutic breakthrough of this treatment never really held its promise and induced only very
modest improvements in overall survival (Ribatti et al., 2019). One of the most prominent trials
addressing avBs/ovfs inhibition was the CENTRIC trial [Celengitide, Merck KGaA, Darmstadt,
Germany] in glioblastoma delivering negative results (Stupp et al., 2014).

The escape mechanisms of cancer against anti-angiogenic treatments are manifold but one key
element of resistance is the heterogeneity of neoplastic endothelial cells (Montemagno et al.,
2020). ®8Ga-NODAGA-RGD PET/CT is a noninvasive, holistic imaging of tumor angiogenesis
and could play a pivotal role in identifying patients which have greatest benefit from anti-
angiogenetic therapy. This hypothesis is supported by data from the CORE study, where
glioblastoma patients with higher avBs/avPs had significantly better outcomes (Nabors et al.,
2015). This clearly demonstrates the need of biomarkers to select patients and find an optimal
treatment window for patients receiving anti-angiogenic treatments. Especially functional
imaging depicting angiogenic targets as avPs could greatly help to select patients and an optimal
time window for such treatments. ®¥Ga-NODAGA-RGD might even serve as theranostic
imaging marker followed by therapeutic beta-particle based radioligand therapy (Bozon-
Petitprin et al., 2015).

Furthermore, avfBs integrin is involved in the epithelial-mesenchymal transition, which plays a
pivotal role in the very early stages of tumorigenesis and tumor implantation (58,59). ®F-FDG
PET is widely accepted as preferred method for initial tumor staging in esophageal cancer.
8Ga-NODAGA-RGD with its extensions of uptake into perilesional structures could help to
delineate the pre-tumoral and pre-metastatic niche. In the near future, local procedures like
surgical resection of radiotherapy in esophageal cancer might use ®8Ga-NODAGA-RGD uptake
to optimally plan their resection margins or radiotherapy fields. Further investigations would
be still required in the future to elucidate the potential role of ®Ga-NODAGA-RGD in

esophageal cancer management.

Limitations

There exist some limitations in our study. 88Ga-NODAGA-RGD uptake was not prognostic for
any of the investigated endpoints, but our number of participants is not large enough. The
limited statistical power may also explain the absence of significant results in subgroup analysis
for different pathological tumor status or histological grade. Immunohistochemistry tests were
not performed to assess the correlation between integrin avfB3 expression and 8Ga-NODAGA-

RGD uptake, which has been demonstrated in several animal and clinical studies (32,34).
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Conclusion

In conclusion, ®Ga-NODAGA-RGD has lower potential in the detection of esophageal or
esophagogastric junction malignancies compared to ®F-FDG. However, the results suggest that
%8Ga-NODAGA-RGD may provide complementary information, indicating that PET imaging

of integrin avfps expression could aid in tumor diversity and delineation.
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Abstract

[(®Ga]Ga-NODAGA-RGDyk PET/CT and [*®F]JFDG PET/CT were performed in a 65-year-old
woman during the work-up of a squamous cell carcinoma of the tongue within a clinical study
protocol. Images revealed both tracers’ uptake in the primary tumor and cervical lymph nodes,
but also bilaterally in the shoulders, elbows, wrists, metacarpophalangeal, interphalangeal, and
hip joints. The patient had been diagnosed with rheumatoid arthritis 8 years prior to the
examination. Images showed a significantly higher ['®F]FDG than [*®Ga]Ga-NODAGA-
RGDyk uptake in primary tumor and cervical lymph nodes. However, the patient with
moderately active rheumatoid arthritis had similar levels of [8Ga]Ga-NODAGA-RGDyk and
[*®F]FDG uptake in the involved joints, but with no [*3Ga]Ga-NODAGA-RGDyk uptake in the
surrounding muscles, unlike with [*®F]JFDG. Our case suggests that [%8Ga]Ga-NODAGA-
RGDyk PET/CT allows imaging of integrins expression in rheumatoid arthritis, including
integrins expressed in synovial angiogenesis, with potentially a better signal-to-noise ratio than
on [*8F]JFDG PET/CT.
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We report the case of a 65-year-old woman who underwent [#¥Ga]Ga-NODAGA-RGDyk
PET/CT and [*®F]FDG PET/CT for imaging angiogenesis of a known squamous cell carcinoma
of the tongue within a clinical study protocol. The patient was referred for baseline PET/CT
scans for staging before receiving chemotherapy and radiotherapy. The protocol was approved
by the Ethics Commission Vaud (CER-VD #120/12). A written informed consent was obtained.
Images revealed both tracers’ uptake in primary tumor and cervical lymph nodes, but also
bilaterally in the shoulders, elbows, wrists, metacarpophalangeal, interphalangeal, and hip
joints. The patient had been diagnosed with seronegative rheumatoid arthritis (RA) 8 years ago
based on the presence of persistent symmetrical polyarthritis with an inflammatory reaction (C-
reactive protein 12 mg/L), negativity for anti-cyclic citrullinated peptide antibody and
rheumatoid factor, and excellent response after starting corticosteroid therapy. A combination
therapy with corticosteroids, methotrexate, and salazopyrine had been initiated, followed later
by adalimumab and tocilizumab. At the time of the study, the anti-rheumatic therapy had been
suspended during chemotherapy. She presented moderately active rheumatoid arthritis with
arthralgia and mild joint swelling of her metacarpophalangeal joints.

[(®Ga]Ga-NODAGA-RGDyk PET/CT images were acquired 86 min after intravenous
administration of 197 MBq [®Ga]Ga-NODAGA-RGDyk. [*®F]FDG PET/CT images were
acquired 71 min after intravenous administration of 236 MBq ['®F]FDG. [*®Ga]Ga-NODAGA-
RGDyk in comparison to [*®F]FDG PET/CT image demonstrated different distributions in the
pathological regions. Compared to [#®Ga]Ga-NODAGA-RGDyk images, [*F]JFDG images
demonstrated a very significantly higher uptake in primary tumor and cervical lymph nodes
(Fig. 1). While the patient with moderately active RA had similar levels of [*3Ga]Ga-
NODAGA-RGDyk and [*®F]FDG uptake in the involved joints (mean + SD SUVmax: 2.00 +
0.73 and 2.19 + 0.66, respectively). However, [%8Ga]Ga-NODAGA-RGDyk uptake in
surrounding muscles was lower than [*8F]FDG (SUVmax measured in a spherical 3 cm? volume
of interest drawn in the gluteal muscle: 0.57 and 0.78, respectively); therefore, the mean
[(®Ga]Ga-NODAGA-RGDyk joint-to-muscle background ratio was higher than [*®F]FDG (3.51
+0.73 and 2.80 + 0.66, respectively). Movement disorder induced by pain in patients suffering

from RA could potentially impair the evaluation of joint inflammation with [*®F]FDG PET/CT
[1].

RA is an autoimmune disorder of unknown etiology. The disease is characterized by systematic,
symmetric, and erosive synovitis. RA synovitis exhibits massive proliferative synovial

membranes, leukocyte infiltration, and neovascularization. The formation of synovial
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proliferative fibrovascular tissue known as pannus is directly responsible for cartilage and bone

destruction, integrins playing a central role in triggering this proliferation [2,3].

A
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Fig. 1. A. [*®Ga]Ga-NODAGA- RGDyk PET/CT maximum intensity projection (MIP) view. B. ['®F]JFDG PET/CT MIP view.
A. TEP/TDM au [*3Ga]Ga-NODAGA-RGDyk, vue maximum intensity projection (MIP). B. TEP/TDM au ["®EJFDG, vue MIP.

Various radiolabeled derivatives of arginine-glycine-aspartic acid (RGD)-peptides have been
developed for imaging of avP3 integrin expression [4-7]. Increased avp3 expression has been
observed in tumor angiogenesis, new blood vessels formed after myocardial infarction, or blood
vessels in chronic inflammatory processes. Integrin avp3 is also expressed by some cancer cells,
such as glioblastoma and melanoma, and in cells involved in extracellular matrix remodeling
as well as fibroblasts and activated macrophages [6,7]. NODAGA-RGDyK, (cyclo[L-
arginylglycyl-L-alpha-aspartyl-D-tyrosyl-N6-([4,7-bis(carboxymethyl)octahydrolH-1,4,7-

triazonin- 1-yl]acetyl])-L-lysyl]), is a new RGD peptide designed for PET imaging of avf3
integrin expression. The compound c(RGDyK) showed high affinity for the integrin avp3 in
vivo binding assays [8]. The component NODAGA is a derivate of the NOTA system which
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has no influence on receptor-specific binding and possesses high binding properties for
radiometals with an ion radius like %Ga [9]. [*8Ga]Ga-NODAGA- RGDyk has favorable
biokinetics and safety profile [10,11].

The development of an extensive network of new blood vessels in the synovial membrane is
typically found in the evolution of rheumatoid synovitis and evaluation of synovial
angiogenesis using PET/CT could be of interest to improve the understanding of this disease
[1,12]. Recently, Adipoe et al. showed, in a proof-of-concept study, a strong correlation
between power Doppler ultrasound (US) in the joints of patients with RA and the uptake of
[*°MTc]Te-maraciclatide, a radiolabelled tracer containing the RGD tripeptide motif with high
affinity for integrin avp3 dedicated to scintigraphic imaging [13]. Their data are consistent with
the previous study from Zhu et al, which preliminarily indicates the potential effectiveness of
integrin imaging for evaluating RA joints [1]. Although patients with RA are typically
monitored with US which detects synovitis, in a cheaper and non-invasive way, nuclear
medicine techniques can provide whole body quantitative information in a single acquisition,
with an easier interpretation of scans compared with US or MRI. Such new integrin imaging
would mostly be interesting in a research setting, or to easily assess the global burden of the
disease, which could potentially guide treatment decisions. Our case suggests that synovial
angiogenesis in RA could be depicted using [®8Ga]Ga-NODAGA- RGDyk PET/CT, with
potentially a higher signal-to-noise background ratio compared with [*®F]FDG PET/CT.
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Chapter 13

Summary and conclusions



Integrin ayvps expression in Cardiovascular PET/CT Imaging

Chapter 2

We evaluated recent studies using RGD-PET agents in cardiovascular diseases. Our systematic
review provides an updated summary of the role of RGD-based PET agents in cardiovascular
patients, aiming to guide future research. Original articles reporting on RGD-based PET agents
in cardiovascular diseases were included from PubMed/MEDLINE and Cochrane library
databases until October 26, 2021. Findings indicate an increasing role of RGD-based PET
agents in cardiovascular diseases, particularly in the infarcted myocardium and atherosclerosis.
RGD PET/CT scans effectively display avfs integrin expression in the infarcted myocardium.
The uptake of RGD-based PET radiotracers occurs early after myocardial infarction, peaking
at 1-3 weeks post-infarction before declining. Limited research explores serial changes in
RGD-based PET uptake post-ischemic events. Furthermore, RGD-based PET uptake in major
vessels correlates with CT plaque burden, showing heightened signals in patients with previous
cardiovascular events. Atherosclerotic carotid plagues reveal increased PET signals in stenotic
Versus non-stenotic areas, supported by MR or CT angiography data. Histopathological analysis
validates tracer accumulation in regions expressing ovf3s. Promising applications emerge,
including predicting infarcted myocardium remodeling and detecting active atherosclerosis,

with potential clinical impact.

Chapter 3

In this prospective monocentric observational trial, we aimed to utilize the imaging biomarker
%8Ga-NODAGA-RGD to track angiogenic activity in the myocardium following reperfusion in
patients who had experienced a ST-elevated myocardial infarction. A total of 20 patients with
reperfused STEMI were enrolled in the study, and they underwent a series of 110 PET/CT scans
at 1 week, 1 month, and 3 months after reperfusion. These scans included ®Ga-NODAGA-
RGD PET/CT and rest and stress 82Rb-PET/CT. The results revealed that at 1 week after
reperfusion, nearly all participants, except for one, exhibited increased ®Ga-NODAGA-RGD

uptake in the infarcted myocardium. Interestingly, the RGD SUV values in the infarcted
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myocardium remained stable at 1 month after reperfusion, showing no significant difference
from the 1-week measurement. However, at the 3-month mark, there was a partial but
significant decrease in RGD SUV, indicating a decline in angiogenic activity. In conclusion,
this study suggests that angiogenic activity in the infarcted myocardium persists for at least 1
month after reperfusion, followed by a partial decline by the 3-month mark, providing valuable
insights into the dynamics of angiogenesis in the myocardium following ST-elevated

myocardial infarction.

Chapter 4

We assessed 88Ga-NODAGA-RGD, a PET tracer targeting avp3 integrin linked to angiogenesis
post-acute myocardial infarction. In 31 patients after primary percutaneous coronary
intervention, PET measured %8Ga-NODAGA-RGD uptake and myocardial blood flow.
Transthoracic echocardiography evaluated left ventricular function on the day of PET and at 6-
month follow-up. Results showed increased ®Ga-NODAGA-RGD uptake in the ischemic at-
risk area, primarily in injured segments. The segment with highest uptake had higher SUVmax
than mean SUV of remote myocardium (0.73+0.16 vs. 0.51+0.11, p<0.001). Predictors of %8Ga-
NODAGA-RGD uptake in the at-risk area included high peak NT-proBNP, low left ventricular
ejection fraction, low global longitudinal strain (p=0.01), and low longitudinal strain in the at-
risk area (p=0.01). Corrected ®Ga-NODAGA-RGD uptake in the at-risk area predicted
improved global longitudinal strain at follow-up (p=0.002), independent of troponin, NT-
proBNP, and left ventricular ejection fraction. In conclusion, %8Ga-NODAGA-RGD uptake
early after AMI reflects increased avPs integrin expression in the at-risk area, linked to
regional/global systolic dysfunction and higher left ventricular filling pressure. Elevated %Ga-
NODAGA-RGD uptake anticipates better global left ventricular function 6 months after acute

myocardial infarction.

Chapter 5

We aimed to investigate the association between the accumulation of 8Ga-NODAGA-RGD in
arterial walls and various clinical factors in cardiovascular disease. We retrospectively analyzed
data from 44 patients who underwent ®Ga-NODAGA-RGD PET/CT scans. The results
revealed that arterial uptake of ®#Ga-NODAGA-RGD was notably higher in patients with prior

clinically documented atherosclerotic cardiovascular disease. The uptake also correlated with a
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history of cardiovascular or cerebrovascular events, higher BMI, increased plaque burden, and
hypercholesterolemia. These findings suggest that ®Ga-NODAGA-RGD could serve as a
promising non-invasive marker for assessing disease activity in atherosclerosis, offering

insights into intraplaque angiogenesis.

Chapter 6

We explore the potential use of 1"’Lu-DOTATATE therapy in coronary atherosclerotic plaque
inflammation, employing a theranostic approach. /Lu-DOTATATE has demonstrated
effectiveness in neuroendocrine tumor treatment. SST2-targeted peptide receptor radionuclide
therapy using /’Lu-DOTATATE delivers radioisotopes to cells expressing high SST2 levels.
Inflammatory macrophages express SST2 and are implicated in atherosclerosis. The study
evaluated 44 patients who underwent Y"/Lu-DOTATATE PET/CT scans. Baseline and follow-
up scans revealed a significant reduction in coronary uptake of ®Ga-DOTATATE ligands after
therapy, potentially indicating decreased plaque inflammation. While these findings suggest a

therapeutic role, further prospective trials are required for confirmation.

Chapter 7

In this study, we investigated the effectiveness of a reliable quantitative variable in Rubidium-
82 cardiac PET/CT for predicting major adverse cardiovascular events. We utilized low-dose
silicon photomultipliers technology, enabling a reduction in injected activity and radiation dose,
resulting in less than 1.0 mSv exposure for a 70-kg individual. We conducted a prospective
study with 234 consecutive participants who had suspected myocardial ischemia. These
participants underwent Rubidium-82 cardiac silicon photomultipliers PET/CT with an
administered dose of 5 MBq/kg. Follow-up occurred over a median of 652 days (ranging from
559 to 751 days) to monitor major adverse cardiovascular events occurrence. For each
participant, we measured global stress myocardial blood flow (stress MBF), global myocardial
flow reserve (MFR), and the extent of severely reduced regional myocardial flow capacity
(MFCsevere). We employed the Youden index to identify optimal threshold values. Through
multivariate analysis, while considering clinical risk factors, we found that reduced global stress
MBF (<1.94 ml/min/g), reduced global MFR (<1.98), and elevated regional MFCsevere (>3.2%

of left ventricle) all emerged as independent predictors of MACE (with respective hazard ratios

265



of 4.5, 3.1, and 3.67, all p<0.001). However, when adjusting for clinical risk factors and
accounting for the combined impact of global stress MBF, global MFR, and regional
MFCsevere impairments, only reduced global stress MBF remained a statistically significant
independent prognostic indicator for MACE (hazard ratio 2.81, p=0.027). In conclusion, we
employed state-of-the-art silicon photomultipliers PET technology and administered low-dose
Rubidium-82, halving the standard activity to achieve radiation exposure below 1 mSv for a
70-kg patient. Our findings indicated that impaired global stress MBF, global MFR, and
regional MFC were robust predictors of cardiovascular events, surpassing the predictive
capability of traditional cardiovascular risk factors. However, it was discerned that only reduced
global stress MBF maintained its status as an independent predictor of MACE, exhibiting

superior predictive performance compared to global MFR and regional MFC impairments.

Chapter 8

In this study, we investigated the correlation between small-vessel disease (SVD) affecting the
heart and the brain using quantitative Rubidium-82 cardiac PET/CT and brain MRI. We
analyzed 370 patients, including 38 with pure cardiac SVD and 176 with normal heart
perfusion. Patients with cardiac SVD exhibited reduced stress LV-MBF and flow reserve, while
brain MRI parameters were comparable between groups. Notably, increased resting LV-MBF
in cardiac SVD patients correlated with specific brain region alterations, and decreased stress
LV-MBF and LV-MFR were associated with other distinct brain changes. These findings
indicate significant interrelations between cardiac and cerebral SVD markers, particularly

concerning deep grey-matter variations, supporting the notion of SVD as a systemic disease.

Chapter 9

This study aimed to assess the suitability of 8Rb PET/CT in pediatric patients by estimating
dosimetry. Using both adult biokinetic data and data gathered from ten pediatric patients, the
study found that 8Rb PET/CT resulted in reasonably low radiation exposure in children,
indicating its safety and tolerability. The most irradiated organs varied by age group but

generally included the kidneys and heart wall in infants and newborns. These findings fill a
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critical gap by providing original dosimetry data, potentially expanding the utility of this
imaging technique in pediatric medical practice.

Chapter 10

The study focuses on assessing the individual risk of Major Adverse Cardiac Events, which are
a significant concern due to cardiovascular diseases being the leading cause of death worldwide.
The research utilizes Quantitative MPI based on [82Rb] PET and employs scores derived from
stress uptake and Myocardial Flow Capacity as a gold standard for prognosis assessment. The
study explores the potential of Artificial Intelligence in predicting Major Adverse Cardiac
Events using [®?Rb] SiPM PET MPI.

Researchers developed a systematic approach to validate Artificial Intelligence models and
evaluate their performance by comparing global, segmental, radiomics, and Convolutional
Neural Network models. These models leverage various MPI signals, such as stress MBF,
MFR, or MFC radius, using data from 234 patients. The results indicate that regional Artificial
Intelligence models significantly outperform the traditional global model, with the best Area
Under the Curve of 73.9 obtained with a Convolutional Neural Network model. Interestingly,
a radiomics model based on intensity features showed that the global average was the least
important feature compared to other aggregations of the MPI signal across the myocardium.

In conclusion, the study demonstrates that Artificial Intelligence models can enhance
personalized prognosis assessment for Major Adverse Cardiac Events, offering promising

potential in improving risk prediction for cardiovascular events.
Chapter 11

In this study, we aimed to compare the effectiveness of ®Ga-NODAGA-RGD PET/CT and *8F-
FDG PET/CT in patients with esophageal or esophagogastric junction cancers, focusing on
tumor uptake and distribution, alongside histopathologic examination. A total of ten
participants underwent both types of PET/CT scans. %Ga-NODAGA-RGD PET/CT identified
positive uptake in primary sites (8 for primary tumors, 2 for local relapse suspicion), 6 lymph
nodes, and 3 skeletal sites. 8F-FDG PET/CT identified positive uptake in the same locations
and additional lymph nodes and an adrenal gland. On analysis, ¥F-FDG SUVmax was
significantly higher than #¥Ga-NODAGA-RGD SUVmax. Homogeneous *¥F-FDG uptake was
observed within confirmed primary sites, while $8Ga-NODAGA-RGD displayed heterogeneous
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uptake in many cases, often at the tumor periphery or extending into perilesional structures. In
conclusion, Ga-NODAGA-RGD exhibited lower potential in detecting esophageal cancers
compared to ¥F-FDG, but its imaging of integrin avB3 expression may offer complementary

insights for tumor diversity and delineation.

Chapter 12

As part of a clinical study protocol, we presented here a 65-year-old woman with squamous cell
carcinoma of the tongue who underwent both Ga-NODAGA-RGD PET/CT and ®¥F-FDG
PET/CT. The scans revealed uptake of both tracers in the primary tumor, cervical lymph nodes,
and bilaterally in various joints including shoulders, elbows, wrists, metacarpophalangeal,
interphalangeal, and hip joints. The patient had a pre-existing diagnosis of rheumatoid arthritis
for eight years. The PET/CT images demonstrated notably higher ®F-FDG uptake compared to
%8Ga-NODAGA-RGD in the primary tumor and cervical lymph nodes. Interestingly, in the
context of moderately active rheumatoid arthritis, the patient exhibited similar levels of uptake
for %8Ga-NODAGA-RGD and '8F-FDG in the affected joints. However, it's worth noting that
68Ga-NODAGA-RGD showed no uptake in the surrounding muscles, unlike 8F-FDG. This
case suggests the potential of ®#Ga-NODAGA-RGD PET/CT to depict synovial angiogenesis
in rheumatoid arthritis, possibly offering a more favorable signal-to-noise ratio compared to
18F-FDG PET/CT.
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General discussion and future

directions



Molecular cardiac imaging presents an innovative and emerging approach, holding
significant potential for future advancements and enhancements prior to its integration into
clinical practice. This thesis has specifically concentrated on molecular imaging of integrin avfs
concerning the remodeling of the heart following a myocardial infarction, a process often linked
to the development of heart failure, as well as concerning angiogenesis in atherosclerosis. PET
technology offers the ability to visualize the intricate molecular pathways active during these
processes, enabling sequential imaging that illustrates the progression of the disease.
Ultimately, this technology stands to be employed by medical practitioners to predict outcomes

and tailor medications on an individual basis.

While the existing tracers have indeed undergone successful validation for targeting
specific components, there remains room for refinement. Overcoming challenges in chemical
engineering could involve enhancing the sensitivity and stability of the current tracers, thereby
yielding higher-quality images. Additionally, there is an avenue for the creation of novel tracers
to expand the repertoire of available options. This expansion would permit the examination of
diverse molecular pathways, consequently deepening our understanding and facilitating a more
personalized assessment and treatment approach for patients. Several potential targets that
could significantly influence cardiac imaging include factors like tissue oxygenation, as well as
specific cell populations like inflammatory or reparative monocytes/macrophages. However,
the development of such tracers is a continual process that requires meticulous attention to detail

and innovation.

Extensive literature delves into the intricate process of translating this research into
clinical practice, a task known for its demands in terms of both expenses and time [1, 2, 3].
Numerous studies have centered on mice models, revealing distinct tracer behaviors between
mice, pigs, and humans. This contrast becomes particularly pronounced in patients with co-
morbidities and intricate cellular mechanisms [4, 5]. However, a recent development involves
preliminary human trials for several of the described imaging techniques. While these trials are
still in their initial phases, they have demonstrated the safety of tracers in humans and their
effective visualization of intended targets. While additional human studies are imperative to
assess safety and feasibility, the prospect of translating this innovation into clinical application

is becoming more attainable than initially perceived.
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Once these tracers secure a safety profile for human use, the subsequent phase will
encompass extensive multi-center clinical trials. These trials will ascertain the tracers'
capability to accurately image intended targets, offer prognostic insights to patients, and provide
clinicians with evidence to personalize medication strategies. Adoption of these imaging
techniques within clinical practice hinges on their proven safety, reliability, and their potential
to yield clinically relevant outcomes that shape patient management. The confidence in the
eventual integration of these techniques into patient care is underpinned by the conviction that

they will enable disease progression and therapeutic response monitoring.

Moreover, these imaging techniques could complement emerging molecular
therapeutics. Recent research has delved into therapies with anti-inflammatory and pro-
angiogenic properties, among others [6, 7, 8]. The imaging methods outlined in this thesis could
serve as guiding tools for these therapies, both in experimental settings and potential clinical

applications.

In today's healthcare landscape, optimizing spending is of paramount importance. This
prompts an exploration into the cost-effectiveness of this innovative technology. As imaging
systems advance and scan durations shorten, the cost of a single scan diminishes. Given the
substantial burden of heart failure on healthcare systems, any potential reduction in morbidity
and mortality through these techniques might offset overall costs. As imaging systems continue
to evolve, the techniques discussed in this thesis will naturally evolve as well. Notably, the
emergence of PET/MRI hybrid systems, accessible at the Cardio-vascular Hospital Louis
Pradel in Lyon, could fuel research in this domain, as these two modalities collectively
dominate this field. With recent human trials marking a pivotal milestone, further evaluation
and clinical testing remain pivotal. While considerable strides have been made, more
groundwork is essential before molecular cardiac imaging becomes an integral tool for
clinicians. Nevertheless, the recent progress underscores the promising trajectory towards

clinical implementation.

Conclusion

The future application of radiotracer-based methods for angiogenesis-targeted imaging

holds promise for advancing the assessment of conditions like myocardial ischemia/infarction

272



and atherosclerotic disease in clinical scenarios. Furthermore, the utilization of molecular
imaging to observe angiogenesis could potentially enhance the non-invasive evaluation of how
patients respond to medical interventions such as revascularization, exercise training, and novel
treatments.
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