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Abkürzungen 

AC    Attenuation Correction 

ADC    Apparent Diffusion Coefficient 

bDMARDS   Biological Disease Modifying Antirheumatic Drugs 

CT    Computertomographie 

DOTA 1,4,7,10-Tetraazacyclo-dodecan-1,4,7,10-

Tetraacedinsäure 

DOTATOC   DOTA-Phel-Tyr3-Octreotid 

DWI    Diffusion Weighted Imaging / Diffusionsbildgebung 

ESMO    European Society For Medical Oncology 

18F    Fluor-18 

FDG    Fluordesoxyglucose 

68Ga    Gallium-68 

GK    Ganzkörper 

GRE    Gradientenecho 

HASTE   Half-Fourier Acquired Turbo Spin Echo 

keV    Kiloelektronenvolt 

LAC    Linearer Abschwächungskoeffizient 

LSO    Lutetium Oxyorthosilicat 

MRT    Magnetresonanztomographie 

Na[18F]F   18F-Natriumfluorid 

NEC    Neuroendokrines Karzinom 

NEN    Neuroendokrine Neoplasie 

NET    Neuroendokriner Tumor 

NSAID   Nichtsteroidales Antirheumatikum 
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NSCLC Non-Small Cell Lung Cancer / Nicht-kleinzelliges 

Bronchialkarzinom 

NPV Negativ Prädiktiver Wert 

OR    Odds Ratio 

PET    Positronen-Emissions-Tomographie 

PMT    Photomultiplier 

PSMA    Prostata-Membran Spezifisches Antigen  

PPV    Positiv Prädiktiver Wert 

ROI    Region Of Interest 

SpA    Spondyloarthritis 

SUV    Standardized Uptake Value 

TNFi    Tumornekrosefaktor-Inhibitor 

T1w    T1-gewichtete Sequenz 

T2w    T1-gewichtete Sequenz 

UICC    Union for International Cancer Control / Internationale 

Vereinigung gegen Krebs 

VIBE    Volumetric Interpolated Breath-hold Examination 

VOI    Volume Of Interest 

 

  



Habilitationsschrift Dr. med. Nils-Martin Bruckmann 5 

Kurze Zusammenfassung 

Die Anwendung hybrider Bildgebungsverfahren, also die Fusion morphologischer und 

funktioneller Bilddatensätze zur Erlangung komplementärer Informationen, ist seit 

vielen Jahren mit großem Erfolg Teil der klinischen Routine. Seit Beginn dieses 

Jahrtausends ist die PET/CT, also die Kombination aus Positronenemissions-

tomographie und Computertomographie, bereits ein etabliertes Verfahren und in vielen 

Leitlinien als Diagnostikum verankert. Seit 2010 steht auch die PET/MRT zur 

Verfügung und stellt damit die bis dato neueste der hybriden Bildgebungsmodalitäten 

dar. Sie kombiniert funktionelle sowie morphologisch hochauflösende Daten aus der 

Magnetresonanztomographie mit Stoffwechselinformationen aus der PET.  

Insbesondere in der Onkologie ist die PET/MRT ein vielversprechendes bildgebendes 

Verfahren mit vielfältigen Anwendungsmöglichkeiten. Seit ihrer Einführung haben sich 

eine große Anzahl an Studien mit dieser Modalität beschäftigt und ihren hohen 

diagnostischen Wert für das Staging von Tumorerkrankungen herausgestellt. 

Beispielsweise wird erwartet, dass die gleichzeitige Erfassung von metabolischen 

PET- und morphologischen sowie funktionellen MRT-Daten einen großen Einfluss auf 

die Bildgebung des Mammakarzinoms haben könnte, da die MRT im Vergleich zur CT 

eine bessere Auflösung des Brustgewebes bietet. Neben den molekularen Markern 

sind Fernmetastasen und der Befall der axillären Lymphknoten die wichtigsten 

Prädiktoren für das Gesamtüberleben und die Rezidivwahrscheinlichkeit bei 

Patientinnen mit Mammakarzinom. 

Analog hierzu beschäftigten sich die Arbeiten 1, 2 und 3 mit dem Vergleich des 

diagnostischen Potentials von Knochenszintigraphie, Computertomographie, 

Ganzkörper-MRT und Ganzkörper [18F]FDG PET/MRT Untersuchungen für das 

lokoregionäre (N-Staging) und Ganzkörperstaging (M-Staging) bei Patientinnen mit 

neu diagnostiziertem, histologisch gesichertem Mammakarzinom. In Arbeit 1 wurde 
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die diagnostische Wertigkeit vom MRT allein mit dem [18F]FDG PET/MRT verglichen. 

In der Studie konnten beide Modalitäten sehr gute diagnostische Ergebnisse erzielen, 

wobei die [18F]FDG PET/MRT sowohl beim N- als auch beim M-Staging eine 

Überlegenheit gegenüber der alleinigen MRT-Untersuchung bot. In Arbeit 2 erfolgte 

der Vergleich der derzeit in der Leitlinie als Goldstandard festgelegten 

kontrastverstärkten Computertomographie mit der [18F]FDG PET/MRT Untersuchung. 

Auch hier konnte die [18F]FDG PET/MRT eine diagnostische Überlegenheit zeigen, 

sodass trotz der offensichtlichen Vorteile der Computertomographie wie Verfügbarkeit, 

geringerer Kosten oder schnellerer Akquisitionsgeschwindigkeit der Aufnahmen die 

[18F]FDG PET/MRT als potentielle Alternative beim primären Staging des 

Mammakarzinoms in Zukunft als Alternative in Betracht gezogen werden muss.  

Trotz der Fortschritte bei der Behandlung des Mammakarzinoms entwickeln immer 

noch bis zu 30 % der Patientinnen im Laufe der Erkrankung Fernmetastasen. Hierbei 

ist das Skelettsystem mit etwa 50-70 % aller Metastasen am häufigsten betroffen. Dies 

kann zu verschiedenen Komplikationen wie Schmerzen, pathologischen Frakturen 

oder Hyperkalzämie führen, was oft einen großen Einfluss auf die Morbidität und 

Mortalität der Patientinnen hat. Aufgrund der Relevanz von ossären Metastasen 

beschäftigte sich Arbeit 3 mit der diagnostischen Wertigkeit von [18F]FDG PET/MRT, 

dem MRT allein, der Computertomographie und der Knochenszintigraphie in Bezug 

auf die Detektion von ossären Metastasen im Rahmen des primären Stagings bei 

Patientinnen mit primärem Mammakarzinom. In dieser Studie konnte gezeigt werden, 

dass sowohl die MRT als auch die [18F]FDG PET/MRT in der Detektion von 

Knochenmetastasen beim Mammakarzinom der CT und insbesondere der 

Knochenszintigraphie deutlich überlegen sind. Die MRT allein und das [18F]FDG 

PET/MRT erreichten hierbei gleich gute Ergebnisse, sodass auch in Anbetracht des 

häufig jungen Patientenalters und der therapeutischen Bedeutung von ossären 
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Metastasen die strahlenfreie Ganzkörper-MRT als Diagnostikum der Wahl beim 

primären Staging von Brustkrebspatientinnen dienen könnte. 

Diesen Ergebnissen entsprechend hat die Ganzkörper-MRT zunehmend an 

Bedeutung gewonnen und wird heute in internationalen Leitlinien für verschiedene 

Tumorentitäten (z.B. multiples Myelom, Prostatakarzinom und auch Mammakarzinom) 

empfohlen. Eine wesentliche Einschränkung ist allerdings weiterhin die Anfälligkeit für 

Atem- und Herzbewegungen, was zu einer deutlich geringeren Beurteilbarkeit des 

Lungenparenchyms und eingeschränkten Erkennbarkeit von Lungenmetastasen im 

Vergleich zum CT-Thorax führt. In Arbeit 4 wurde daher das diagnostische Potential 

einer radial akquirierten Stack of Stars T1-gewichteten Gradientenecho (GRE) 3D-

VIBE-Sequenz (StarVIBE), bei der keine Atempausen nötig sind, mit den 

konventionellen, standardmäßig verwendeten T1- und T2- gewichteten MRT-

Sequenzen und der Computertomographie als Referenzstandard in Hinblick auf die 

Erkennung von Lungenrundherden in der kontrastverstärkten Ganzkörper-[18F]FDG  

PET/MRT Untersuchung verglichen. Hier war die StarVIBE-Sequenz bei der 

Erkennung zentral gelegener Lungenrundherde im Vergleich zu den übrigen 

Sequenzen besonders vorteilhaft, allerdings waren alle MRT-Sequenzen der 

Computertomographie als Referenzstandard insgesamt weiterhin unterlegen. 

Die PET/MRT bietet neben mindestens gleichwertigen diagnostischen Ergebnissen im 

Vergleich zu den konventionellen Bildgebungsmodalitäten zusätzlich Informationen 

über Metabolismus mittels PET sowie die Tumorzellularität mittels funktioneller 

Bildgebung wie beispielsweise den diffusionsgewichteten Sequenzen (DWI). Ziel 

verschiedener Studien ist es, mittels Kombination einzelner Tumorparameter eine 

Vorhersage über Tumoraggressivität und -differenzierung zu ermöglichen und damit 

den Krankheitsverlauf und die Prognose abschätzen und frühzeitig eine gezielte 

Therapie einzuleiten zu können. Dies ist besonders wichtig bei Tumoren, die eine hohe 
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Letalität besitzen oder durch ihre Heterogenität eine frühzeitige Auswahl einer 

geeigneten Therapie erschweren.  

Ein Beispiel hierfür ist das Lungenkarzinom, welches die weltweit am häufigsten 

diagnostizierte Tumorentität und mit etwa 18% die mit Abstand häufigste 

krebsbedingte Todesursache darstellt. Ziel der Arbeit 5 war es, mit Hilfe einer 

[18F]FDG  PET/MRT Untersuchung einen unabhängigen, möglichst präzisen Marker 

für das Langzeitüberleben von Patienten mit fortgeschrittenem NSCLC (non small cell 

lung cancer) zu finden. Die Studie unterstreicht den Wert des SUVmax als 

unabhängigen prognostischen Marker für das Gesamtüberleben bei NSCLC-Patienten, 

die Bestimmung des ADC-Wertes brachte in dieser Studie jedoch keinen zusätzlichen 

Nutzen. 

Auch Arbeit 6 beschäftigte sich mit der Kombination verschiedener Daten aus dem 

PET/MRT, um möglichst frühzeitig Aussagen zu Tumorparametern treffen zu können. 

In dieser Studie wurde der Einfluss der Kontrastmittelanreicherung, der 

Diffusionsstörungen und des SUV-Wertes auf das Tumorgrading bei therapienaiven 

Patienten mit neuroendokrinem Tumor mittels [68Ga]DOTATOC-PET/MRT untersucht 

und gezeigt, dass diese Parameter eine Vorhersage des Gradings und der 

Tumoraggressivität bei neuroendokrinen Tumoren ermöglichen. 

Um möglichst exakte quantitative Ergebnisse aus der PET-Untersuchung zu erhalten, 

ist auch im PET/MRT eine Schwächungskorrektur notwendig, die umgebendes 

Körpergewebe und Hardwarekomponenten des Gerätes berücksichtigt. In der 

PET/MRT ist die Erstellung dieser Schwächungskorrektur besonders schwierig. In der 

Regel wird ein Segmentierungsansatz verwendet, bei dem umgebendes Gewebe 

einzelnen Gewebeklassen zugeordnet wird (Luft, Lunge, Fett, Weichgewebe, 

Knochen). Ziel vieler Studien in den letzten Jahren war es daher, diese 

Schwächungskorrektur stetig zu verbessern um möglichst exakte quantitative Werte 
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zu erreichen. In Arbeit 7 wurde der Einfluss einer Kontrastmittelgabe während der 

Untersuchung auf die Schwächungskorrektur in den neuesten verwendeten Dixon-

Sequenzen untersucht und festgestellt, dass die Kontrastmittelgabe die 

Schwächungskorrektur teils erheblich beeinflussen kann und quantitative Daten wie 

SUV-Werte verfälscht werden. Neue PET/MRT Protokolle müssen daher für eine 

optimale Vergleichbarkeit der gewonnenen Daten so erstellt werden, dass die 

Schwächungskorrektur immer vor der Kontrastmittelgabe erfolgt. 

Das zunehmende Verständnis von Stoffwechselprozessen und der Pathogenese 

verschiedener Erkrankungen hat in den letzten Jahren zur Entwicklung einer ganzen 

Reihe neuer, spezifischer Radiotracer geführt. Ein Beispiel hierfür ist der 

osteoblastenspezifische Radiotracer 18F-Natriumfluorid (Na[18F]F), der die 

Visualisierung lokaler osteoblastischer Aktivität in entzündlichen und strukturellen 

Läsionen des Skeletts ermöglicht. In Arbeit 8 wurde mit Hilfe dieses Radiotracers die 

Wirkung einer Therapie mit TNF-Inhibitoren auf die osteoblastische Aktivität mittels 

eines Na[18F]F PET/MRT bei Patienten mit röntgenologischer axialer 

Spondyloarthritis untersucht und festgestellt, dass die TNF-Inhibitoren neben der 

entzündungshemmenden auch eine positive, antiosteoblastische Wirkung besitzen 

und damit eine Rückbildung der radiologischen Progression dieser Erkrankung zur 

Folge haben können. Außerdem ist eine möglichst frühzeitige Einleitung der Therapie 

für den Krankheitsverlauf entscheidend.  
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Ausführliche Zusammenfassung und Diskussion 

Einleitung 

Der hybriden Bildgebung liegt die Idee zugrunde, klinische Radiologie, die Pathologien 

aufgrund der morphologischen oder funktionellen Gewebeveränderungen mittels 

Computertomographie (CT) und Magnetresonanztomographie (MRT) detektiert, mit 

der Nuklearmedizin, welche durch die Injektion radioaktiv markierter Stoffe (Tracer) 

metabolische Veränderungen mittels Positronenemissionstomographie (PET) 

darstellen kann, zu kombinieren. Ziel ist es, durch die Aufhebung einer strikten 

Trennung zwischen morphologischen und metabolischen Verfahren eine möglichst 

exakte Bildgebung zu erhalten, mit der Krankheiten frühzeitig und genau klassifiziert 

oder verlaufskontrolliert werden können (1). 

Seit 2011 stehen hierfür auch Ganzkörper-PET/MRT Scanner zur Verfügung, die 

neben einer Reduzierung der ionisierenden Strahlung durch den Wegfall der CT-
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Untersuchung zusätzlich einen hohen Weichteilkontrast und funktionelle Informationen 

aus Diffusions- und Perfusionsbildgebung liefern (2,3). 

Ein großer Stellenwert wird den hybriden Verfahren in der Onkologie beigemessen, da 

hier vor allem eine exakte und sichere initiale bildgebende Ausbreitungsdiagnostik für 

die stadienadaptierte Behandlung eine wesentliche Rolle spielt und somit die 

Prognose entscheidend mit beeinflussen kann. Einen großen Vorteil bietet die 

PET/MRT dabei bei primären Staginguntersuchungen, welche die Akquisition 

mehrerer MRT erfordern, beispielsweise von Kopf und Mamma beim Mammakarzinom, 

da diese in einer Untersuchung erfolgen können und so der Zeitaufwand verringert und 

der Patientenkomfort erhöht wird.  

Darüber hinaus lassen sich das Therapieansprechen kontrollieren und insbesondere 

beim PET/MRT durch die Vielzahl an gewonnenen Informationen Prognosefaktoren 

beispielsweise für das Gesamtüberleben oder verschiedene Tumoreigenschaften 

ableiten (4–7). 

In den letzten Jahren wurden darüber hinaus immer neue und präzisere 

Anwendungsmöglichkeiten für hybride Bildgebungsverfahren erschlossen. Aus dem 

wachsenden Verständnis von Stoffwechselprozessen und der Pathogenese von 

Krankheiten sind eine ganze Reihe neuer Tracer entstanden, beispielsweise die 

Verwendung spezieller Radiopharmaka bei der Alzheimererkrankung oder bei 

entzündlichen Erkrankungen wie der rheumatoiden Arthritis oder der axialen 

Spondyloarthritis (8–10). Letztlich kann durch die Anwendung von PET/MRT eine 

höhere Sensitivität und Spezifität in der Diagnostik und Verlaufskontrolle 

verschiedener Erkrankungen erreicht werden und somit möglicherweise eine frühere 

und präzisere Therapieeinleitung erfolgen. 
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Hybride Bildgebungsverfahren 

 

PET und PET/CT 

Ähnlich wie bei der Szintigraphie werden bei der Positronen-Emissions-Tomographie 

Radiopharmaka verwendet. Hierbei handelt es sich um Medikamente, die entweder 

alleine aus einer radioaktiven Substanz bestehen oder mit einem Radionuklid markiert 

sind und am gewöhnlichen Stoffwechsel des Organismus teilnehmen, diesen aber 

nicht quantitativ beeinflussen. Bei der PET nutzt man Radionuklide, die dem β+-Zerfall 

unterliegen. Beim β+-Zerfall erfolgt die Umwandlung eines Kernprotons in ein Neutron 

(n), wobei ein Neutrino und ein Positron (e+) ausgesendet werden. Das emittierte 

Positron tritt in unmittelbare Wechselwirkung mit einem Elektron des angrenzenden 

Gewebes. Bei diesem Vorgang entsteht eine sekundäre Vernichtungsstrahlung 

(Annihilation), bei der zwei Gammaquanten (Photonen) mit einer Energie von 511 keV 

erzeugt werden, die sich in entgegengesetzte Richtungen bewegen. Diese im 180°-

Winkel emittierten Photonen können dann koinzident von gegenüberliegenden  

Detektoren erfasst werden. In der Klinik werden hierfür Ringdetektoren verwendet, die 

um die Patientenliege angeordnet sind. In den heute gängigen PET-Scannern werden 

hierfür Szintillationsdetektoren verwendet. Bei der Wechselwirkung von 

anorganischen Szintillationskristallen mit den auftreffenden hochenergetischen 

Photonen wird sichtbares bzw. nahultraviolettes Licht ausgesendet, das wiederum von 

Photodetektoren erkannt und gemessen werden kann. Aus der zeitlichen und 

räumlichen Verteilung der registrierten Zerfallsereignisse kann nun auf die räumliche 

Verteilung des Radiopharmakons im Organismus geschlossen werden. Die 

Detektoren sind zylindrisch in mehreren Ringen um den Patienten angeordnet. Die 

räumliche Auflösung wird durch die Größe der einzelnen Detektorkristalle definiert. 

Das Volumen innerhalb des Ringkomplexes wird als das field-of-view (FOV) 
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bezeichnet, das meist einen Durchmesser von 70 cm und eine axiale Länge von 16 

bis 25 cm (1 Bettposition) besitzt. Die Dauer einer Messung in einer Bettposition kann 

je nach Untersuchung variieren und wird zunehmend verkürzt, liegt aber in der Regel 

bei 2-3 Minuten. Da die Bettpositionen überlappend akquiriert werden, können für eine 

Ganzkörperuntersuchung bis zu 15 Bettpositionen nötig sein. Während der Erfassung 

der PET Daten werden die Photonen durch das umgebende Körpergewebe und die 

Hardwarekomponenten des Scanners abgeschwächt, bevor der PET-Detektor erreicht 

wird (2). Diese Photonenabschwächung führt zu Ungenauigkeiten bei der Tracer-

Quantifizierung, da beispielsweise bei adipösen Patienten eine stärkere 

Abschwächung stattfindet. Folglich erfordert die PET-Datenrekonstruktion eine 

Abschwächungskorrektur, die korrekte quantitative Ergebnisse liefert. Bei reinen PET-

Scannern wird dies mithilfe eines Transmissionsscans erreicht. Hierbei rotiert eine 

externe Positronenquelle um den Patienten und berechnet die Abschwächung der 

ausgesendeten Photonen (11). 

In der onkologischen Bildgebung ist immer noch die [18F]-2-Fluoro-2-desoxy-D-

glucose (FDG) das am häufigsten verwendete Radiopharmakon, auch wenn es sich 

hierbei um einen sehr unspezifischen Tracer handelt. Tumorzellen weisen im Vergleich 

zu gesunden Zellen einen erhöhten Glukosemetabolismus auf und lassen sich daher 

durch diesen Tracer sehr gut detektieren (12). Ein großes Problem der alleinigen PET-

Bildgebung ist die geringe Ortsauflösung, die eine anatomische Zuordnung von 

Traceranreicherungen erschwert (11). 

 

Dieses Problem sollte mit der gleichzeitigen Akquisition von PET- und CT-Daten in 

einer Untersuchung behoben werden (1). Denn mit der Computertomographie lassen 

sich überlagerungsfreie Darstellungen der Körperanatomie erreichen. Hierbei werden 

Röntgenstrahlen von einer Röntgenquelle ausgesendet, die das abzubildende Objekt 
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durchleuchten und von einem gegenüberliegenden Detektorelement erfasst werden. 

Durch Rotationsbewegungen des Scanners werden Absorptionsprofile des Objekts 

aus unterschiedlichen Richtungen erstellt und hieraus die Volumenstruktur des 

durchstrahlten Körpers rekonstruiert. Durch computergestützte Bildrekonstruktion, 

heute meist mittels iterativer Rekonstruktion, können Transversalschnitte durch das 

Untersuchungsobjekt berechnet werden (13,14). 

Die direkte Kombination von PET- und CT-Messungen bietet technische Vorteile 

gegenüber der retrospektiven Fusion, da der CT-Datensatz direkt für die 

Schwächungskorrektur verwendet werden kann und somit ein zusätzlicher 

Transmissionsscan entfällt. Außerdem erfolgt die Aufnahme des CT-Scans deutlich 

schneller als der früher nötige Transmissionsscan, sodass sich zusätzlich eine 

deutliche Verkürzung der Aufnahmedauer von bis zu 40 % ergibt (15,16). Da es 

zwischen PET und CT kaum Störsignale gibt, können die beiden Systeme direkt 

ringförmig hintereinander angeordnet werden. Es wird also zu Beginn eine CT-

Untersuchung der entsprechenden Körperregion angefertigt, die sowohl als 

diagnostisches full-dose CT mit Kontrastmittel oder als low-dose CT ohne 

Kontrastmittel zur Schwächungskorrektur durchgeführt werden kann. 

Die Kombination der beiden Modalitäten führt zu einer höheren Genauigkeit bei der 

Diagnose und der Stadieneinteilung in der onkologischen Bildgebung als bei der 

alleinigen Anwendung von CT, MRT oder PET (17–20), sodass die PET/CT schnell 

als Diagnostikum der Wahl in viele Leitlinien etabliert wurde. 

Trotz des hohen diagnostischen Nutzens offenbart die Modalität Schwächen. So ist 

die Strahlenexposition durch PET- und CT-Untersuchung höher als bei den 

Einzeluntersuchungen und sollte daher gerade bei pädiatrischen Patienten und/oder 

rezidivierenden Erkrankungen kritisch hinterfragt werden (21,22). Außerdem ist bei der 

kontrastmittelgestützen CT der Weichteilkontrast für die Beurteilung vieler 
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Erkrankungen nicht ausreichend, beispielsweise für Läsionen in der Brust, 

gynäkologische Beckentumore oder Kopf-Hals-Tumoren (23–26). 

 

PET/MRT 
Seit 2010 ist die PET/MRT in der klinischen Anwendung verfügbar und stellt damit das 

neueste der hybriden Bildgebungsverfahren dar. Es liefert sowohl die funktionellen und 

morphologischen Informationen aus der MRT als auch die Stoffwechselinformationen 

der PET Bildgebung. Insbesondere in der Onkologie ist die PET/MRT ein 

vielversprechendes bildgebendes Verfahren mit diversen Anwendungsmöglichkeiten. 

Vor allem bei Indikationen, in denen die morphologische Bildgebung mittels MRT der 

CT-Untersuchung überlegen ist, aber auch durch die Verwendung der funktionellen 

Informationen aus der MRT-Untersuchung erhofft man sich einen zusätzlichen Nutzen 

(27–29). 

Ein großes Problem bei der Entwicklung eines solchen PET/MRT-Scanners war die 

Anfälligkeit der vorhandenen PET-Detektoren (Photomultiplier / Szintillationskristalle) 

für das statische Hauptmagnetfeld des MR-Tomographen sowie die variierenden 

Gradientenfelder und Radiofrequenzimpulse, die für die Bildakquisition benötigt 

werden. Hierdurch kam es zu geometrischen Verzerrungen der PET-Daten (30). Erst 

die Entwicklung einer Kombination aus Lutetium Oxyorthosilicat (LSO)-Szintillatoren 

und Avalanche Photodioden schaffte 2006 die nötigen Voraussetzungen (30,31). Ein 

weiterer Vorteil dieser Technologie ist die Möglichkeit, breitere Detektoren einzusetzen 

als beim PET/CT, wodurch sich die Anzahl der Bettpositionen verringern lässt. 

Eine Herausforderung für die Integration des PET/MRT war die Entwicklung einer 

zuverlässigen Schwächungskorrektur. 

Die PET/CT-Untersuchung nutzt die CT-Bildgebung, um Informationen über die 

Elektronendichte von Geweben und die geometrische Darstellung von 
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photonenschwächenden Organen im Körper zu liefern. Durch die Umwandlung der im 

CT gemessenen Hounsfield-Einheiten (HU) in lineare Abschwächungskoeffizienten 

(LACs) auf dem PET-Emissionsenergieniveau von 511 keV können diese Daten für 

die CT-basierte Abschwächungskorrektur genutzt werden. Bei der MRT hingegen 

kann nur die Photonendichte und die Relaxationszeiten bestimmt werden und ein 

linearer Zusammenhang zur Gewebedichte liegt nicht vor (32–34). 

In der klinischen Anwendung von PET/MRT Scannern wird heutzutage ein 

Segmentierungsansatz verwendet, bei dem die MR-Bilder mit Hilfe einer MR-Dixon-

VIBE Sequenz in die vier Gewebeklassen Luft, Lunge, Fett und Weichgewebe 

unterteilt werden. Jeder dieser Klassen werden vordefinierte 

Abschwächungskoeffizienten zugeordnet und eine Abschwächungskarte erstellt. Eine 

weitere Verbesserung erfolgte durch das Hinzufügen von Knochenmodellen und 

Trunkierungskorrekturen der Arme, sodass die Unterschiede zur CT-basierten 

Schwächungskorrektur in Studien keinen relevanten Einfluss auf die klinische 

Aussagekraft haben (35,36) . Die Optimierung der Schwächungskorrektur ist weiterhin 

Gegenstand aktueller Forschung. So wird beispielsweise an Alternativen zur Dixon-

VIBE-Sequenz gearbeitet, um die Auflösung der resultieren Schwächungskarten 

weiter zu verbessern.  

Seit der Einführung der PET/MRT gibt es bereits eine Vielzahl an Studien, die einen 

hohen diagnostischen Wert dieser Untersuchung zeigen, beispielsweise bei 

Ganzkörperstaginguntersuchungen. Grundsätzlich legen die Studien eine 

gleichwertige Bildgebungsqualität für die Läsionsdetektion von PET/CT und 

PET/MRT nahe, wobei die PET/MRT durch den besseren Weichteilkontrast und der 

funktionellen Bildgebung bei der Detektion von Leber- Hirn- und Knochenmetastasen 

überlegen ist, während sich in der PET/CT Lungenrundherde besser beurteilen 

lassen (37–41).  
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Untersuchungen und Ergebnisse 

1. Arbeit: Bruckmann NM, Sawicki LM, Kirchner J, Martin O, Umutlu L, Herrmann 

K, Fendler W, Bittner AK, Hoffmann O, Mohrmann S, Dietzel F, Ingenwerth M, 

Schaarschmidt BM, Li Y, Kowall B, Stang A, Antoch G, Buchbender C (2020). 

Prospective evaluation of whole-body MRI and 18F-FDG PET/MRI in N and M 

staging of primary breast cancer patients. Eur J Nucl Med Mol Imaging. 

 

Brustkrebs ist mit ungefähr 2,1 Millionen neuen Erkrankungsfällen jedes Jahr die 

häufigste solide Neoplasie bei Frauen weltweit (42). Wie bei den meisten 

Tumorerkrankungen korreliert die Mortalität mit der individuellen Tumorlast und 

Prognose als auch Therapiemanagement sind maßgeblich vom initialen 

Tumorstadium abhängig. Ein präzises Staging ist daher für die optimale Behandlung 

essentiell (43). Entscheidend ist beim Staging die korrekte Detektion von 

lokoregionären Lymphknotenmetastasen oder Fernmetastasen, denn bei Nachweis 

einer Fernmetastasierung kann das Therapiekonzept von kurativ zu palliativ wechseln 

(44). 

Der aktuelle diagnostische Algorithmus zur Evaluation der lokalen Tumorausdehnung 

umfasst die Mammographie, die Sonographie sowie in ausgewählten Fällen die 

Magnetresonanztomographie (45,46). Insbesondere die Nachfrage nach dezidierten 

Brust-MRT hat in den letzten Jahren deutlich zugenommen (47). Entsprechend der 

Leitlinie wird bei entsprechendem Risikoprofil aktuell zur Suche von Fernmetastasen 

eine thorakoabdominelle Computertomographie sowie eine Knochenszintigraphie 

empfohlen (45,48). Trotz der Vorteile des MRT bei der Evaluation von 

parenchymatösen Organen und der Möglichkeit einer Kombination mit einem 

dezidierten Brust-MRT wird eine Ganzkörper-MRT Untersuchung zur 

Metastasensuche hingegen aktuell nur selten durchgeführt (37,38,49). In Bezug auf 
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die hybriden Bildgebungsverfahren hat die 18F-FDG PET/CT in Studien sehr gute 

Ergebnisse bei der Diagnostik von Fernmetastasen ergeben, sodass diese in der 

Leitlinie als alternatives Stagingtool geführt wird (50–52). Auch die 18F-FDG PET/MRT 

hat in einigen kleineren Studien vielversprechende Ergebnisse als alternatives 

Stagingtool bei primär an Brustkrebs erkrankten Patientinnen (53,54) und Patientinnen 

mit einem Tumorrezidiv (55–57) geliefert. 

Ziel dieser Studie war daher zum einen die Evaluation der diagnostischen 

Aussagekraft einer Ganzkörper-MRT Untersuchung im Vergleich zu einer Ganzkörper 

18F-FDG PET/MRT Untersuchung für das initiale N- und M-Stadium in einer großen 

Kohorte mit therapienaiven Patientinnen mit primär diagnostiziertem Mammakarzinom. 

Zum anderen sollte die 18F-FDG PET/MRT als potentielles „All-in-one“ Stagingtool für 

die Routinediagnostik eingeführt werden, das neben der Ganzkörperdiagnostik ein 

dezidiertes MRT der Mamma sowie ein MRT des Schädels umfasst. 

Insgesamt wurden 104 Patientinnen (durchschnittliches Alter 53,4 r 12,5 Jahre) mit 

neu diagnostiziertem, histopathologisch gesichertem Brustkrebs in diese prospektive 

Studie eingeschlossen. Alle Patientinnen erhielten eine Ganzkörper 18F-FDG 

PET/MRT Untersuchung und die Datensätze für MRT und PET/MRT wurden getrennt 

hinsichtlich der Läsionszahl, der Läsionslokalisation, der Läsionscharakterisierung 

(maligne/benigne) und der diagnostischen Sicherheit ausgewertet. Als 

Referenzstandard diente in der Mehrzahl der Läsionen die Histopathologie, die übrigen 

Läsionen wurden durch Bildgebung und klinische Untersuchungen weiterverfolgt. Die 

Sensitivität und Spezifität für nodal-positive und nodal-negative Patientinnen wurde 

mittels McNemar-Chi-Quadrat-Test ausgewertet. Unterschiede in der diagnostischen 

Sicherheit wurden mittels Wilcoxon-Vorzeichen-Rang-Test ermittelt. 

Die MRT bestimmte das N-Stadium bei 78 von 104 (75 %) Patientinnen korrekt mit 

einer Sensitivität von 62,3 % (95 % CI: 0,48-0,75), einer Spezifität von 88,2 % (95 % 
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CI: 0,76-0,96), einem PPV (positiver prädiktiver Wert) von 84,6 % (95 % CI: 69,5-0,94) 

und einem NPV (negativer prädiktiver Wert) von 69,2 % (95 % CI: 0,57-0,8). Die 

entsprechenden Ergebnisse für die 18F-FDG PET/MRT waren 87/104 (83,7 %), 75,5 % 

(95 % KI: 0,62-0,86) , 92,2 % (0,81-0,98), 90 % (0,78-0,97) und 78,3 % (0,66-0,88), 

was eine signifikant bessere Sensitivität der 18F-FDG PET/MRT bei der Bestimmung 

maligner Lymphknoten zeigt (p = 0,008). Das M-Stadium wurde im MRT und im 18F-

FDG PET/MRT bei 100 von 104 Patientinnen (96,2 %) korrekt erkannt. Bei allen 7 

Patientinnen mit Fernmetastasen wurde das Stadium mit beiden Methoden korrekt 

bestimmt, wobei es bei 4 Patientinnen mit jeder Methode zu falsch-positiven Befunden 

kam (3,8 %). In einer läsionsbasierten Analyse zeigte die 18F-FDG PET/MRT 

signifikant bessere Ergebnisse bei der korrekten Bestimmung maligner Läsionen (85,8 % 

vs. 67,1 %, Differenz 18,7 % (95 % CI: 0,13-0,26), p < 0,0001) und bot eine höhere 

Diagnosesicherheit im Vergleich zur MRT allein (4,1 ± 0,7 vs. 3,4 ± 0,7, p < 0,0001). 

Zusammenfassend zeigt die Studie eine bessere diagnostische Genauigkeit des 18F-

FDG PET/MRT gegenüber dem MRT allein für das N-Staging bei primären 

Brustkrebspatientinnen und bietet eine höhere diagnostische Sicherheit bei der 

Läsionscharakterisierung als das MRT allein. Beide Methoden bergen jedoch das 

Risiko falsch-positiver Befunde für das M-Stadium. 

 

2. Arbeit: Bruckmann NM, Kirchner J, Morawitz J, Umutlu L, Herrmann K, Bittner 

AK, Hoffmann O, Mohrmann S, Ingenwerth M, Schaarschmidt BM, Li Y, Stang 

A, Antoch G, Sawicki LM, Buchbender C (2021).  

Prospective comparison of CT and 18F-FDG PET MRI in N and M staging of 

primary breast cancer patients: Initial results. PLoS One. 
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Bei Patientinnen mit neu diagnostiziertem Mammakarzinom spielt ein möglichst 

genaues bildgebendes Staging eine entscheidende Rolle, um ein optimales 

Behandlungsmanagement zu bestimmen und potenziell schädliche chirurgische 

Eingriffe und umfangreiche systemische Therapien zu minimieren (44).  

Wesentliche Punkte für das initiale Staging sind der Nachweis von 

Tumormanifestationen in der kontralateralen Brust, die Beurteilung der lokoregionalen 

Lymphknoten und der Nachweis von Fernmetastasen (43). In Abhängigkeit von der 

Größe des Primärtumors und des lokoregionalen Lymphknotenstatus kann die 

Operation von einer brusterhaltenden Therapie bis hin zu einer kompletten 

Mastektomie und ipsilateraler Axilladissektion reichen. Bei gesicherten 

Fernmetastasen geht das Behandlungskonzept zu einer umfangreichen systemischen 

und meist palliativen Therapie über (44).  

Gemäß den Leitlinien der Europäischen Gesellschaft für Medizinische Onkologie 

(ESMO) von 2020 und des National Comprehensive Cancer Network (NCCN) von 

2021 wird ein Staging mit kontrastverstärkter thorako-abdominaler CT sowie eine  

Knochenszintigraphie (45,58) erwogen bei Patientinnen mit fortgeschrittenem 

Brustkrebs (UICC III/IV) und Patientinnen mit UICC-Stadium II in Kombination mit 

zusätzlichen Risikofaktoren wie klinisch positiven axillären Lymphknoten, großer 

Tumorgröße, aggressiver Tumorbiologie (HER2neu-Überexpression, triple-negativer 

Tumor) oder klinischen Zeichen/Laborwerten, die auf das Vorhandensein von 

Metastasen hindeuten. Da asymptomatische Fernmetastasen in frühen Tumorstadien 

sehr selten sind, profitieren symptomlose Patientinnen im Frühstadium der Erkrankung 

nicht von einem Ganzkörper-Staging, sodass hier die lokoregionäre Metastasensuche 

im Fokus steht (43,45,55). 

Neuere Studien haben gezeigt, dass hybride Bildgebungsverfahren bei der Erkennung 

von Fernmetastasen und der korrekten Einstufung maligner Läsionen bei 
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Brustkrebspatientinnen überlegen sind (55,59,60). Daher wurden hybride 

Bildgebungsverfahren in den letzten Jahren zunehmend in internationale Leitlinien 

aufgenommen. Hier wird mittlerweile eine 18F-FDG PET/CT Untersuchung empfohlen, 

wenn konventionelle Methoden keine eindeutigen Ergebnisse liefern, bei 

Hochrisikopatientinnen oder bei Patientinnen mit neu diagnostiziertem 

Mammakarzinom im Stadium III (45,61). Zusätzlich wurde in Studien die Überlegenheit 

der 18F-FDG PET/MRT im Vergleich zur 18F-FDG PET/CT bei der Erkennung von 

Brustkrebsmetastasen nachgewiesen (62). Insbesondere in Kombination mit einer 

speziellen Brust-(PET/)MRT kann sie eine wertvolle Alternative für das primäre 

Staging von Brustkrebspatientinnen darstellen (53,63–67). 

Ziel dieser Studie war es daher, das diagnostische Potenzial der CT, die dem 

derzeitigen klinischen Standard entspricht, im Vergleich zur 18F-FDG PET/MRT für das 

initiale N- und M-Staging von Patientinnen mit primärem Brustkrebs zu bewerten. 

Hierzu wurden insgesamt 80 Frauen mit neu diagnostiziertem und histopathologisch 

gesichertem Mammakarzinom in diese prospektive Studie aufgenommen. Folgende 

Einschlusskriterien mussten erfüllt sein: (1) Neu diagnostizierter, therapienaiver T2-

Tumor oder höheres T-Stadium oder (2) neu diagnostizierter, therapienaiver triple-

negativer Tumor jeder Größe oder (3) neu diagnostizierter, therapienaiver Tumor mit 

molekularem Hochrisiko (T1c, Ki67 >14%, HER2neu-Überexpression, G3). Bei allen 

Patientinnen wurde ein thorako-abdominales CeCT und ein Ganzkörper 18F-FDG 

PET/MRT durchgeführt. Alle Datensätze wurden hinsichtlich der Anzahl der suspekten 

Läsionen, der Lokalisation, der Kategorisierung und der diagnostischen Sicherheit 

ausgewertet. Histopathologische Ergebnisse und Follow-Up Untersuchungen dienten 

als Referenzstandard. Die Unterschiede in der Genauigkeit der Stadieneinteilung 

wurden mittels McNemar-Chi-Quadrat-Test ermittelt. 
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Die Computertomographie bewertete das N-Stadium bei 64 von 80 (80 %, 95 % CI: 

70,0-87,3 %) Patientinnen richtig mit einer Sensitivität von 61,5 % (CI: 45,9-75,1 %), 

einer Spezifität von 97,6 % (CI: 87,4-99,6 %), einem PPV von 96 % (CI: 80,5-99,3 %) 

und einem NPV von 72,7 % (CI: 59,8-82,7 %). Im Vergleich dazu bestimmte die 18F-

FDG PET/MRT das N-Stadium bei 71 von 80 (88,75 %, CI: 80,0-94,0 %) Patientinnen 

korrekt mit einer Sensitivität von 82,1 % (CI: 67,3-91,0 %), einer Spezifität von 95,1 % 

(CI: 83,9-98,7 %), einem PPV von 94,1 % (CI: 80,9-98,4 %) und einem NPV von 84,8 % 

(CI:71,8-92,4 %). Die Unterschiede in der Sensitivität waren statistisch signifikant 

(Differenz 20,6 %, CI: -0,02-40,9 %; p = 0,008). Fernmetastasen waren bei 7/80 

Patientinnen (8,75 %) vorhanden. In der 18F-FDG PET/MRT wurden alle 

histopathologisch nachgewiesenen Metastasen ohne falsch-positive Befunde 

nachgewiesen, während 3 Patientinnen mit Knochenmetastasen im CT übersehen 

wurden (Sensitivität 57,1 %, Spezifität 95,9 %). Außerdem zeigte die CT bei 3 

Patientinnen falsch-positive Befunde. 

Zusammenfassend zeigt die vorliegende Studie, dass die 18F-FDG PET/MRT ein 

hohes diagnostisches Potenzial besitzt und der CT bei der Beurteilung des N- und M-

Stadiums bei Patientinnen mit primärem Mammkarzinom überlegen ist. Trotz der 

Vorteile der CT, wie z.B. Verfügbarkeit, geringere Kosten oder 

Akquisitionsgeschwindigkeit sollte diese Studie zusammen mit den aktuellen Daten 

Anlass zur Diskussion über die Empfehlungen für das primäre Staging in den Leitlinien 

für das Mammakarzinom geben. 

 

3. Arbeit: Bruckmann NM, Kirchner J, Umutlu L, Fendler WP, Seifert R, Herrmann 

K, Bittner AK, Hoffmann O, Mohrmann S, Antke C, Schimmöller L, Ingenwerth 

M, Breuckmann K, Stang A, Buchbender C, Antoch G, Sawicki LM (2021). 

Prospective comparison of the diagnostic accuracy of 18-FDG PET MRI, MRI, 
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CT and bone scintigraphy for the detection of bone metastases in the initial 

staging of primary breast cancer patients. Eur Radiol. 

 

Beim Mammakarzinom ist neben der Beurteilung der Ausdehnung des Primärtumors 

in der Brust und des lokoregionären Lymphknotenbefalls der Nachweis von 

Fernmetastasen entscheidend, da dies zu einer Erweiterung des Bestrahlungsfeldes 

oder einer Anpassung der Chemotherapie und schließlich zu einem Wechsel zu einem 

palliativen Therapiekonzept führen kann (68). Daher spielt das bildgebende 

Ganzkörper-Staging eine zentrale Rolle in der Primärdiagnostik von 

Brustkrebspatientinnen mit einem hohen Risiko für das Vorhandensein von 

Fernmetastasen. Trotz der Fortschritte bei der Behandlung des Mammakarzinoms 

entwickeln immer noch bis zu 30 % der Patientinnen im Laufe der Erkrankung 

Fernmetastasen (68). Dabei ist das Skelett die häufigste Lokalisation und macht etwa 

50-70 % aller Metastasen aus (68–72). Der Befall des Knochens kann zu 

verschiedenen Komplikationen wie Schmerzen, pathologischen Frakturen, 

Rückenmarkskompression und Hyperkalzämie führen, die oft einen großen Einfluss 

auf die Morbidität und Mortalität der Patientinnen haben (73–75). Eine frühzeitige 

Erkennung kann dazu beitragen, die Krankheit besser zu kontrollieren, Komplikationen 

zu minimieren und somit eine bessere Lebensqualität zu erreichen (74). 

Aktuell gilt die Knochenszintigraphie in Kombination mit der Computertomographie 

weithin als Goldstandard für den Nachweis von Knochenmetastasen und wird auch in 

aktuellen Leitlinien als Methode der Wahl empfohlen (45,46,76). Sofern verfügbar, 

kann auch eine PET/CT-Untersuchung für das primäre Staging eingesetzt werden, 

wurde aber aufgrund der geringen Verfügbarkeit und der höheren Kosten bisher nur 

selten angewendet. Frühere Studien haben jedoch gezeigt, dass die MRT im Vergleich 

zur Knochenszintigrafie Vorteile bei der Erkennung von Knochenläsionen bietet und 
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die CT als vorteilhafteste Ganzkörper-Staging-Untersuchung ablösen könnte (74,77). 

Dementsprechend wurde die MRT als alternatives Staging-Instrument für 

Mammakarzinompatientinnen diskutiert und in den Leitlinien der Europäischen 

Gesellschaft für Medizinische Onkologie (ESMO) für 2018 und 2020 bereits als 

Methode der Wahl bei Patientinnen mit neurologischen Symptomen und Anzeichen, 

die auf eine mögliche Rückenmarkskompression hindeuten, aufgenommen (45,78). 

Auch die Anwendung von hybriden Bildgebungsverfahren hat sich in diesem 

Zusammenhang als nützlich erwiesen (79–82). Die Bedeutung einer [18F]FDG 

PET/MRT-Untersuchung für die Erkennung von Knochenmetastasen bei primären 

Brustkrebspatientinnen ist jedoch bisher kaum untersucht worden (83–85). 

Ziel dieser Studie war es daher, den diagnostischen Wert von [18F]FDG PET/MRT, 

dem alleinigen MRT, CT und Knochenszintigraphie für den Nachweis von 

Knochenmetastasen bei der Erstdiagnose von Brustkrebspatientinnen zu untersuchen 

und zu vergleichen. 

154 Patientinnen mit neu diagnostiziertem, therapienaivem, histopathologisch 

gesichertem Mammakarzinom wurden prospektiv in diese Studie aufgenommen. Alle 

Patientinnen unterzogen sich vor der Therapie einer Ganzkörper [18F]FDG PET/MRT, 

einer Computertomographie (CT) und einer Knochenszintigraphie. Alle Datensätze 

wurden hinsichtlich des Vorhandenseins von Knochenmetastasen ausgewertet. Der 

McNemar-Chi-Quadrat-Test wurde angewendet, um die Sensitivität und Spezifität 

zwischen den Modalitäten zu vergleichen. 

Es konnten insgesamt 41 Knochenmetastasen in 7 von 154 Patientinnen 

nachgewiesen werden (4,5 %). Sowohl die [18F]FDG PET/MRT als auch die MRT 

allein waren in der Lage, alle Patientinnen mit histopathologisch gesichertem 

Knochenmetastasen zu erkennen (Sensitivität 100 %; Spezifität 100 %) und es wurde 

keine der 41 Metastasen übersehen. Die CT entdeckte 5/7 Patientinnen (Sensitivität 
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71,4 %; Spezifität 98,6 %) und 23/41 Läsionen (Sensitivität 56,1 %), während die 

Knochenszintigraphie nur bei 2/7 Patientinnen (Sensitivität 28,6 %) und 15/41 

Läsionen (Sensitivität 36,6 %) eine Metastasierung nachweisen konnte. Darüber 

hinaus führten CT und Knochenszintigraphie bei 2 bzw. 1 Patientin zu falsch-positiven 

Befunden von Knochenmetastasen. Die Sensitivität der [18F]FDG PET/MRT und MRT 

allein war signifikant besser als die der CT (p<0,01, Differenz 43,9 %) und 

Knochenszintigraphie (p<0,01, Differenz 63,4 %). 

Zusammenfassend waren sowohl die [18F]FDG PET/MRT als auch die MRT allein in 

der läsionsbasierten Analyse bei der Erkennung von Knochenmetastasen bei 

Patientinnen mit neu diagnostiziertem Mammakarzinom der CT und der 

Knochenszintigrafie deutlich überlegen. Die [18F]FDG PET/MRT und die alleinige 

MRT lieferten hierbei identische Ergebnisse. In Anbetracht der relativ geringen 

Prävalenz von Knochenmetastasen bei der Erstdiagnose, der hohen Zahl von 

Patientinnen in relativ jungem Alter, die sich dem klinischen Staging-Algorithmus 

unterziehen, und der therapeutischen Bedeutung von Knochenmetastasen könnte die 

strahlenfreie Ganzkörper-MRT daher als Mittel der Wahl dienen. Im Gegensatz dazu 

erscheint der Einsatz der derzeit empfohlenen CT und Knochenszintigraphie zum 

Nachweis von Knochenmetastasen fraglich. 

 

4. Arbeit: Bruckmann NM, Kirchner J, Morawitz J, Umutlu L, Fendler WP, 

Herrmann K, Bittner AK, Hoffmann O, Fehm T, Lindemann ME, Buchbender C, 

Antoch G, Sawicki LM (2022).  

Free-breathing 3D Stack of Stars GRE (StarVIBE) sequence for detecting 

pulmonary nodules in 18F-FDG PET/MRI. Eur J Nucl Med Mol Imaging Phys. 
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Die Magnetresonanztomographie (MRT) hat in den letzten Jahrzehnten enorme 

Fortschritte gemacht, angetrieben durch neue Entwicklungen in der Sequenztechnik, 

welche die Gesamtuntersuchungszeit verkürzen und die Bildqualität verbessern. 

In der onkologischen Bildgebung hat die Ganzkörper-MRT als Methode für das Staging 

und die Nachsorge von Krebserkrankungen zunehmend an Bedeutung gewonnen und 

wird heute in internationalen Leitlinien für verschiedene Tumorentitäten (z. B. multiples 

Myelom, Prostatakrebs, Brustkrebs) empfohlen (46,86,87). Da die MRT eine 

strahlungsfreie Bildgebungsmethode ist, stellt sie insbesondere bei jüngeren Patienten 

eine wertvolle Alternative zur Computertomographie dar. Eine wesentliche 

Einschränkung ist die Anfälligkeit für Atem- und Herzbewegungen, was im Vergleich 

zur Thorax-CT zu einer deutlich reduzierten Beurteilbarkeit des Lungenparenchyms 

und einer eingeschränkten Erkennbarkeit potenzieller Lungenmetastasen führt. Die 

konventionelle MR-Bildgebung unter Atemstillstand ist derzeit eine gängige Methode, 

um eine gute Bildqualität zu gewährleisten (88). Dazu ist eine strikte Immobilität und 

die Einhaltung von Atemanweisungen erforderlich, was im klinischen Alltag manchmal 

schwierig sein kann, insbesondere bei der Untersuchung von Kindern oder 

multimorbiden älteren Patienten. Zusätzlich ist die Verwendung schneller MR-

Sequenzen erforderlich, die mit einem Verlust an räumlicher Bildauflösung verbunden 

sind (89). 

Die hohe Bewegungsanfälligkeit konventioneller MR-Bilder resultiert aus der 

zeilenweisen Erfassung (kartesisches Sampling) des Datenraums (k-Raum). Selbst 

kleine Bewegungen während der Untersuchung verursachen Störungen im 

Phasenkodierungsschema und führen zu Phasenverschiebungen in Richtung der 

Bewegung, was Inkonsistenzen im k-Raum zur Folge hat. Hierdurch entstehen 

Artefakte in der Phasenkodierungsrichtung (90,91) in konventionellen MR-Sequenzen 

wie der T2-gewichteten HASTE-Sequenz (Half Fourier Acquisition Single shot Turbo 
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spin Echo) und der T1-gewichteten, fettgesättigten VIBE-Sequenz (Volume 

Interpolated Breath-Hold Examination), die aktuell die gängigsten Sequenzen für die 

Erkennung von Lungenrundherden in der MRT darstellen. Diese Sequenzen werden 

für die Thoraxbildgebung verwendet, da sie schnell akquiriert und zwischen den 

Atemzügen Schicht für Schicht aufgenommen werden können. Die Geschwindigkeit 

resultiert aus einer unvollständigen Füllung oder Abtastung des k-Raums, was diese 

Sequenzen sehr anfällig für Bewegungsartefakte macht (92). Eine mögliche Lösung 

zur Verringerung des Bewegungseinflusses besteht darin, die Art der k-Raum-

Akquisition zu ändern. 

Ein neueres Beispiel ist die radial akquirierte Stack of Stars T1-gewichtete 

Gradientenecho (GRE) 3D-VIBE-Sequenz (StarVIBE), bei der keine Atempausen nötig 

sind (89,93). Bei der StarVIBE-Sequenz werden die Daten entlang einzelner radialer 

Speichen aufgenommen. Aufgrund der Überlappung der Speichen in der Mitte können 

Phasenkodierfehler durch Mittelung niederfrequenter Komponenten reduziert werden. 

Diese Überlappung hat einen bewegungsausgleichenden Effekt, sodass Bilder 

während der freien Atmung akquiriert werden können, was nicht nur Artefakte reduziert, 

sondern auch den Vorteil einer höheren räumlichen Auflösung bietet, da die 

Akquisitionszeit nicht auf die Dauer einer Atempause begrenzt ist (92). 

Der geringere Bewegungseinfluss bei der MRT des Thorax ist insbesondere für die 

Beurteilung von Lungenkarzinomen und Lungenmetastasen interessant, da die MRT 

aus den bereits genannten Gründen immer noch große Nachteile gegenüber der CT 

aufweist. Ob diese Technologie Vorteile bei der Erkennung von Lungenrundherden im 

Vergleich zu konventionellen MRT-Sequenzen bietet, ist bisher noch nicht untersucht 

worden. 

Ziel dieser Studie war daher der Vergleich des diagnostischen Potenzials der 

StarVIBE-Sequenz mit der konventionellen T1-gewichteten, fettgesättigten 
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Postkontrast-VIBE-Sequenz, der T2-gewichteten, fettunterdrückten HASTE-Sequenz 

und der Computertomographie als Referenzstandard zur Erkennung von 

Lungenrundherden in der kontrastverstärkten Ganzkörper [18F]FDG PET/MRT 

Untersuchung. 

88 Patientinnen mit neu diagnostiziertem Mammakarzinom wurden sowohl einer 

kontrastverstärkten Ganzkörper-PET/MRT mit [18F]FDG als auch einer 

Computertomographie unterzogen. Der Thorax der Patientinnen wurde sowohl mit der 

CT als auch mit der StarVIBE und konventionellen T1-gewichteten VIBE- und T2-

gewichteten HASTE-MR-Sequenzen untersucht, wobei die Computertomographie als 

Referenzstandard diente. Vorhandensein, Größe und Lage aller nachweisbaren 

Lungenrundherde wurden bewertet. Zum Vergleich wurde der Wilcoxon-Vorzeichen-

Rang-Test angewandt und es wurden Pearson's und Spearman's 

Korrelationskoeffizienten berechnet. 

Von 65 Lungenrundherden, die bei 36 Patienten mit der CT (3,7 ± 1,4 mm) entdeckt 

wurden, konnten mit der StarVIBE 31 (47,7 %), mit der VIBE 26 (40 %) bzw. mit der 

HASTE 11 (16,8 %) entdeckt werden. Insgesamt zeigte die CT eine signifikant höhere 

Detektionsrate als alle MRT-Sequenzen zusammen (65 vs. 36, Differenz 44,6 %, p < 

0,001). Die VIBE wies eine signifikant bessere Detektionsrate auf als die HASTE 

(23,1 %, p = 0,001). Die Detektionsraten zwischen StarVIBE und VIBE unterschieden 

sich nicht signifikant (7,7 %, p = 0,27), wobei die StarVIBE aber einen signifikanten 

Vorteil bei der Detektion zentral gelegener Lungenrundherde zeigen konnte (66,7 % 

vs. 16,7 %, p = 0,031). Es bestand eine starke Korrelation der Größe der Rundherde 

zwischen CT- und MRT-Sequenzen (HASTE: ρ = 0,80, p = 0,003; VIBE: ρ = 0,77, p < 

0,001; StarVIBE: ρ = 0,78, p < 0,001). Die mittlere Bildqualität wurde sowohl für die 

Computertomographie als auch für die MRT-Sequenzen als sehr gut bis 

ausgezeichnet bewertet. 
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Zusammenfassend hat diese Studie gezeigt, dass die Erkennung von 

Lungenrundherden mit der T1-gewichteten 3D Stack of Stars GRE (StarVIBE) MR-

Sequenz als Teil eines Ganzkörper [18F]FDG PET/MRT Tumorstaging-Protokolls nicht 

signifikant besser war als mit der herkömmlichen T1-gewichteten VIBE-Sequenz mit 

Atemstillstand, aber signifikant besser als mit der T2-gewichteten HASTE-Sequenz. 

Die StarVIBE-Sequenz scheint besonders vorteilhaft bei der Erkennung zentral 

gelegener Lungenrundherde zu sein. Allerdings ist die Sensitivität der [18F]FDG 

PET/MRT bei der Erkennung von Lungenrundherden im Vergleich zur CT immer noch 

deutlich eingeschränkt, sodass diese ein Risiko birgt, kleine Lungenmetastasen bei 

onkologischen Patienten zu übersehen. 

 
5. Arbeit: Bruckmann NM, Kirchner J, Grueneisen J, Li Y, McCutcheon A, Aigner 

C, Rischpler C, Sawicki LM, Herrmann K, Umutlu L, Schaarschmidt BM (2021). 

Correlation of the apparent diffusion coefficient (ADC) and standardized uptake 

values (SUV) with overall survival in patients with primary non-small cell lung 

cancer (NSCLC) using 18F-FDG PET/MRI. Eur J Radiol. 

 

Das Lungenkarzinom ist die zweithäufigste diagnostizierte Krebserkrankung weltweit 

und mit 18 % der Hauptgrund für krebsbedingte Todesfälle. Etwa 83 % der 

Erkrankungen sind dabei auf das nicht-kleinzellige Lungenkarzinom (NSCLC) 

zurückzuführen (94–96). Für die effektive Tumorbehandlung ist ein möglichst exaktes 

primäres Tumorstaging unabdingbar. Daher spielt die diagnostische Bildgebung eine 

entscheidende Rolle. Die [18F]FDG PET/CT hat sich bereits als unverzichtbares 

Instrument für das initiale Tumor-Staging und die Erkennung von Rezidiven erwiesen, 

insbesondere aufgrund ihrer hohen Genauigkeit bei der Erkennung des Primarius 

sowie lokoregionaler und Fernmetastasen (18,97–99). Daher wurde die Hybrid-
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Bildgebung in alle wichtigen Leitlinien für das Staging des primären Lungenkarzinoms 

aufgenommen (96,100). Mit der [18F]FDG PET/MRT steht darüber hinaus eine 

Bildgebung zu Verfügung, die neben vergleichbaren diagnostischen Ergebnissen 

(101–103) zusätzlich Informationen über Metabolismus mittels PET und 

Tumorzellularität mittels funktioneller Bildgebung wie den diffusionsgewichteten 

Sequenzen (DWI) geben kann (104–108). 

Die Rolle des SUVmax als nützlicher prognostischer Marker für das Gesamtüberleben 

bei Tumorpatienten wurde schon in diversen Studien und Tumorentitäten untersucht, 

beispielweise beim kolorektalen Karzinom und beim Mammakarzinom. Ein hoher 

SUVmax des Primarius scheint hierbei mit dem Risiko eines Tumorrezidivs zu 

korrelieren und ist mit einer schlechten Prognose assoziiert. Speziell beim NSCLC sind 

die bisherigen Studienergebnisse jedoch nicht eindeutig (4,5,109–111). 

Eine positive Korrelation zwischen dem Diffusionskoeffizienten (ADC), der als 

quantitativer Biomarker aus der DWI abgeleitet werden kann, und prognostischen 

Faktoren wurde bereits bei anderen Tumorentitäten beschrieben, z. B. beim 

Prostatakarzinom (6). Das prognostische Potential beim Lungenkarzinom ist jedoch 

bisher nicht untersucht worden. Dennoch weisen einige Studien auf das Potenzial von 

ADC-Werten bei der Vorhersage eines Tumoransprechens im Vergleich zur PET/CT 

hin (112,113). Daher könnte die DWI mit ADC-Wert-Messung ein weiterer 

prognostischer Marker für das Gesamtüberleben bei Patienten mit NSCLC sein. 

Ziel unserer Studie war es, ADC- und SUV-Werte aus [18F]FDG PET/MRT 

Untersuchungen mit dem Gesamtüberleben zu korrelieren, um einen unabhängigen 

oder kombinierten Marker für das Langzeitergebnis von Patienten mit 

fortgeschrittenem NSCLC zu ermitteln. 

Insgesamt erhielten 92 Patientinnen mit neu diagnostiziertem, histopathologisch 

gesichertem NSCLC (44 Frauen, 48 Männer, mittleres Alter 63,1 ± 9,9 Jahre) eine 
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dezidierte thorakale [18F]FDG PET/MRT Untersuchung. Es wurde eine region of 

interest (ROI) manuell in den fusionierten PET/MRT-Bildern um den Primarius 

festgelegt, um die maximalen und mittleren SUV-Werte zu ermitteln (SUVmax, 

SUVmean). Gleichzeitig wurden die mittleren und minimalen ADC-Werte bestimmt 

(ADCmean, ADCmin). Der Einfluss der Paramenter auf das Gesamtüberleben wurde 

mittels Hazard Ratios (HR) getestet sowie Abhängigkeiten zwischen den Werten 

berechnet. 

Bei der Auswertung aller 92 Patienten (n=59 verstorben zum Zeitpunkt der 

retrospektiven Datenerfassung, mittlere Zeit bis zum Tod: 19 ± 16 Monate, mittlere Zeit 

bis zur letzten Nachuntersuchung: 56 ± 22 Monate) ergab sich für den SUVmax als 

unabhängiger Prädiktor für das Gesamtüberleben eine Hazard Ratio von 2,37 (95% 

CI: 1,23-4,59, p = 0,008), für den SUVmean von 1,85 (95% CI: 1,05-3,26, p = 0,03), 

während der ADCmin eine HR von 0,95 (95% CI: 0,57-1,59, p = 0,842) und der 

ADCmean eine HR von 2,01 (95% CI: 1,2-3,38, p = 0,007) aufwies. Darüber hinaus 

ergab eine kombinierte Analyse für SUVmax/ADCmean, SUVmax/ADCmin und 

SUVmean/ADCmean eine HR von 2,01 (95% CI: 1,10-3,67, p = 0,02), 1,75 (95% CI: 

0,97-3,15, p = 0,058) und 1,78 (95% CI: 1,02-3,10, p = 0,04). 

Zusammenfassend unterstreicht diese Studie den Wert von SUVmax und SUVmean 

als unabhängige prognostische Marker für das Gesamtüberleben bei Patienten mit 

NSCLC, während der ADC-Wert als alleiniger Marker keinen diagnostischen Nutzen 

zeigt. Auch die kombinierte Analyse des Glukosestoffwechsels und der 

Tumorzellularität durch die Bildung von Hazard Ratios kann keine Verbesserung in der 

Vorhersage des Gesamtüberlebens erreichen. Daher müssen wir zum jetzigen 

Zeitpunkt schlussfolgern, dass die multiparametrische Auswertung von NSCLC-

Patienten mittels [18F]FDG PET/MRT durch eine kombinierte Analyse von SUV und 
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ADC gegenüber der alleinigen SUVmax-Messung bei der Vorhersage des 

Gesamtüberlebens keine Vorteile bietet. 

 

 
6. Arbeit: Bruckmann NM, Rischpler C, Kirchner J, Umutlu L, Herrmann K, 

Ingenwerth M, Theurer S, Lahner H, Antoch G, Sawicki LM. 

Correlation between contrast enhancement, standardized uptake value (SUV), 

and diffusion restriction (ADC) with tumor grading in patients with therapy-naive 

neuroendocrine neoplasms using hybrid 68Ga-DOTATOC PET/MRI. Eur J 

Radiol. 

 

 

Neuroendokrine Neoplasien gelten als sehr seltene Tumorentität, die mit etwa 

7/100000 Fällen im Jahr weltweit nur etwa 1 % der Neoplasien ausmacht (114). 

Insgesamt hat die Inzidenz aber aufgrund neuer Detektionsmöglichkeiten in den 

letzten Jahren erheblich zugenommen (115).  Es handelt sich bei NEN um eine 

heterogene Gruppe von Tumoren, die von allen endokrinen Systemen der Körpers 

ausgehen können und sich grundlegend in ihrer Histologie, der hormonellen Aktivität, 

der molekularen Signatur oder in ihrem Aggressivitätsgrad unterscheiden können 

(116). Auch regional gibt es Unterschiede bei den NEN. Während in westlichen 

Populationen die Erstmanifestation häufig im Dünndarm lokalisiert ist, gehen in Asien 

die NEN meist vom Rektum aus. Weitere häufige Lokalisationen sind das Pankreas, 

die Lungen und der Magen (115,117,118). Aufgrund dieser Heterogenität kann sowohl 

die Therapie als auch das Ansprechen auf eine Behandlung und damit die Prognose 

variieren (117). Entsprechend der aktuellen Klassifikation der 

Weltgesundheitsorganisation (WHO) von 2017 lassen sich die neuroendokrinen 
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Neoplasien in einen gut und einen schlecht differenzierten Typ unterscheiden. Bei den 

gut differenzierten neuroendokrinen Tumoren (NET) erfolgt zusätzlich anhand der 

Mitoserate und des Ki-67-Index eine Unterteilung in niedriggradig (G1, Ki67 < 3%), 

mittelgradig (G2, Ki67 3-20 %) oder hochgradig (G3, Ki-67 >20 %). Schlecht 

differenzierte Neoplasien vom groß- oder kleinzelligen Typ werden hingegen als 

neuroendokrine Karzinome (NEC) bezeichnet und ebenfalls als Grad 3 (G3) 

klassifiziert (117,119,120). Durch die Anwendung von hochgradig 

Somatostatinrezeptor (SSTR)-aviden 68Ga-markierten 1,4,7,10-Tetraazacyclo-

dodecan-1,4,7,10-Tetraacedinsäure (DOTA)-Peptiden, wie beispielsweise 68Ga-

DOTA-Phel-Tyr3-Octreotid (DOTATOC) für die Positronen-Emissions-Tomographie 

(PET) in Kombination mit der Computertomographie (CT) oder der 

Magnetresonanztomographie im Rahmen der Hybridbildgebung hat sich die 

Erkennungsrate auch sehr kleiner Läsionen in den letzten Jahren deutlich verbessert. 

Aus diesem Grund hat sich die 68Ga-DOTA-Peptid-basierte PET/CT- oder PET/MRT 

zum bildgebenden Goldstandard in der NEN Diagnostik entwickelt. Die PET/MRT 

bietet hierbei aufgrund des besseren Weichteilkontrasts und der Verwendung von 

funktionellen Bildgebungssequenzen wie der diffusionsgewichteten Bildgebung (DWI) 

im Vergleich zum PET/CT einen zusätzlichen Vorteil (50–53). Mit der gleichzeitigen 

Erfassung von morphologischen und funktionellen MR-Sequenzen und PET-Bildern 

kann die 68Ga-DOTATOC PET/MRT Vorteile bei der Vorhersage des Tumorgrades 

und der Aggressivität von NEN (126–132) bieten. Beispielsweise stellt die DWI aus der 

MRT einen Surrogatparameter für die Tumorzelldichte dar und ist durch den 

Diffusionskoeffizienten quantifizierbar (126). Eine Korrelationsanalyse zwischen ADC 

und dem Tumorgrading kann daher einen Zusammenhang zwischen diesen 

Merkmalen aufzeigen und eine nicht-invasive Bewertung der Tumoraggressivität 

ermöglichen (55–58). Es wurde auch festgestellt, dass die zunehmende 
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Entdifferenzierung von NEN zu einer Abnahme der SSTR-Expression und damit des 

SUV bei der DOTATOC-Bildgebung führt. Neben der DOTATOC-Expression galt 

lange auch die intensive arterielle und venöse Anreicherung zu den charakteristischen 

bildgebenden Merkmalen von NEN (130). Neuere Studien zeigen jedoch, dass ein 

großer Teil der Tumoren auch eine geringere Perfusion aufweisen kann, insbesondere 

bei G2/G3-Tumoren (131,132). Da die Behandlung in hohem Maße vom Grad des 

Tumors abhängt, ist eine bildbasierte Charakterisierung der Histopathologie von NEN 

und die Auswahl geeigneter Biopsiestellen äußerst wünschenswert (129). 

Ziel dieser Studie war es daher, das Ausmaß der Kontrastmittelanreicherung, die 

Diffusionsrestriktion und den SUV unter Verwendung eines 68GA-DOTATOC 

PET/MRT mit dem Tumorgrading bei therapienaiven NEN-Patienten zu korrelieren. 

Insgesamt wurden 26 Patienten mit neu diagnostizierter, therapienaiver 

neuroendokriner Neoplasie in diese prospektive Studie aufgenommen und mittels 

eines 68Ga-DOTATOC PET/MRT untersucht. Die Bilder wurden hinsichtlich der Anzahl 

und Lage der NEN-Läsionen, der vorherrschenden Tumorsignalintensität auf nativen 

T1w- und T2w-Bildern und auf T1w-Bildern in der arteriellen und portalvenösen Phase 

untersucht. Außerdem wurde jeweils der ADC-Wert und der SUVmax der Läsionen 

erfasst. Das histopathologische Tumorgrading wurde anschließend mittels des 

Pearson-Korrelationskoeffizienten und des exakten Fisher-t-Test mit den PET/MRT-

Merkmalen korreliert. Es wurde eine binäre logistische Regressionsanalyse 

durchgeführt und Odds Ratios (OR) berechnet, um einen möglichen Zusammengang 

mit einer aggressiven Tumorbiologie zu bewerten. 

In der Auswertung ergab sich eine moderate negative Korrelation zwischen arterieller 

Kontrastmittelanreicherung und Tumorgrading (r=-0,35, p=0,005), während die 

portalvenöse Anreicherung eine schwache positive Korrelation mit dem KI-67-Index 

(r=0,28, p=0,008) und eine nicht-signifikante positive Korrelation mit dem 
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Tumorgrading (r=0,19, p=0,063) zeigte. Merkmale, die signifikant mit einer 

aggressiven Tumorbiologie assoziiert waren, waren das Vorhandensein von 

Lebermetastasen (OR 2,6, p=0,042), eine T1w-Hyperintensität im Vergleich zum 

Muskel (OR 12,7, p=0,0001), eine Hyperintensität in der arteriellen Phase (OR 1,4, 

p=0,001), eine Diffusionseinschränkung (OR 2,8, p=0,02) und ein SUVmax oberhalb 

des Leberniveaus (OR 7,0, p=0,001). 

Zusammenfassend zeigt diese Studie, dass die aus der 68Ga-DOTATOC PET/MRT 

gewonnenen Merkmale wie die arterielle und portalvenöse Kontrastmittelanreicherung, 

die Diffusionsbildgebung und der SUVmax mit dem Tumorgrading assoziiert sind und 

zur Vorhersage des NEN-Gradings und der Aggressivität des Tumors verwendet 

werden können. 

 

7. Arbeit: Bruckmann NM, Lindemann ME, Grueneisen J, Grafe H, Li Y, Sawicki 

LM, Rischpler C, Herrmann K, Umutlu L, Quick HH, Schaarschmidt BM (2021). 

Comparison of pre- and post-contrast-enhanced attenuation correction using a 

CAIPI-accelerated T1-weighted Dixon 3D-VIBE sequence in 68Ga-DOTATOC 

PET/MRI. Eur J Radiol. 

 

Während der PET-Datenerfassung werden die Photonen durch das umgebende 

Körpergewebe und die Hardwarekomponenten abgeschwächt, bevor sie den PET-

Detektor erreichen (133). Diese Schwächung der Photonen führt letztlich zu einer 

systematischen Verzerrung bei der PET-basierten Tracer-Quantifizierung und folglich 

erfordert die PET-Datenrekonstruktion genaue Mittel zur Schwächungskorrektur (AC), 

um korrekte quantitative Ergebnisse zu liefern. 

Bei der PET/CT liefert die CT-Bildgebung nützliche Informationen über die 

Elektronendichte der einzelnen Gewebe und über die geometrische Darstellung der 
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photonenschwächenden Organe im Körper. Diese Daten können direkt umgewandelt 

werden, indem die im CT gemessenen Hounsfield-Einheiten (HU) jedes Gewebes in 

lineare Abschwächungskoeffizienten (LACs) auf dem PET-Emissionsenergieniveau 

von 511 keV umgerechnet werden. Auf diese Weise können die CT-Daten für die CT-

basierte Abschwächungskorrektur (CTAC) verwendet werden, die eine bewährte 

Methode in der PET/CT ist (33,34,133). 

Bei der PET/MRT gestaltet sich die Erstellung einer Schwächungskorrektur 

schwieriger. Das MR-Signal steht in keinem Zusammenhang mit der Elektronendichte 

des untersuchten Gewebes und kann nicht direkt für eine MR-Schwächungskorrektur 

(MRAC) verwendet werden (134). In der klinischen Anwendung von PET/MRT-

Scannern ist die heute am häufigsten verwendete Methode für die MRAC ein 

Segmentierungsansatz, der auf einer MR-Dixon-VIBE-Sequenz (Volume interpolated 

breath-hold examination) basiert (134,135). Die MR-Bilder werden in vier 

Gewebeklassen (Luft, Lunge, Fett, Weichgewebe) segmentiert und jeder 

segmentierten Gewebeklasse wird ein vordefinierter Abschwächungskoeffizient 

zugewiesen, um eine aus vier Kompartimenten bestehende Abschwächungskarte, die 

so genannte µmap, zu erstellen (2,134,136). In den letzten Jahren wurden solche 

MRAC-Methoden weiter verfeinert und die anfänglichen Einschränkungen im 

Vergleich zu CTAC wurden durch die Hinzufügen von Knochenmodellen als weitere 

Gewebeklasse und durch das Hinzufügen einer Trunkierungskorrektur für die Arme 

zur µmap verringert (137,138). Darüber hinaus wurde kürzlich eine CAIPIRINHA-

beschleunigte (Controlled aliasing in parallel imaging results in higher acceleration) 

Dixon 3D-VIBE (MRACaipi) eingeführt, um die räumliche Auflösung der resultierenden 

µmaps im Vergleich zu den ursprünglichen Dixon-VIBE-Sequenzen weiter zu 

verbessern (139,140).  
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Im Allgemeinen empfehlen die Hersteller von PET/MRT-Systemen die Akquisition 

einer nicht kontrastverstärkten Dixon-MRAC-Sequenz für die µmap-Rekonstruktion, 

um eine optimale Gewebeklassifizierung zu gewährleisten (141). Dementsprechend 

muss die Dixon-MRAC-Sequenz zu Beginn der Ganzkörper-PET/MRT Untersuchung 

und damit vor einer möglichen Verabreichung von intravenösem Kontrastmittel 

durchgeführt werden. Im klinischen Umfeld bestehen PET/MRT-Protokolle für 68Ga-

Tracer-basierte Untersuchungen jedoch häufig aus zwei Schritten: erstens einer 

Ganzkörper-Bildgebung, und zweitens einer speziellen Bildgebung einzelner Organe, 

wie z. B. bei 68Ga-PSMA für die Prostata oder 68Ga-DOTATOC für die Bildgebung bei 

gastrointestinalen Tumoren. Bei solchen Protokollen könnte die Verabreichung von 

Kontrastmitteln während der Akquisition von Ganzkörpersequenzen zu einer µmap-

Rekonstruktion mit kontrastverstärkten Dixon-MRAC-Sequenzen für die gezielte 

Organbildgebung führen oder umgekehrt. Da Gadolinium-basierte Kontrastmittel zu 

einer Verringerung der T1-Relaxation von Blut und Gewebe führen, kann die 

Gewebesegmentierung in der µmap durch die Kontrastmittelgabe beeinflusst werden 

und folglich die PET-Tracer-Quantifizierung in der Ganzkörper-PET/MRT verfälschen, 

wie in früheren Studien für eine ältere Version der Dixon MRAC-Sequenz gezeigt 

wurde (142). 

Entsprechend diesen praktischen Anforderungen des klinischen Arbeitsablaufs bei 

ausgewählten PET/MRT-Anwendungen war der Zweck dieser retrospektiven Studie 

die Bewertung eines möglichen Einflusses der Gadolinium-

Kontrastmittelverabreichung auf die MR-basierte Schwächungskorrektur unter 

Verwendung einer modernen CAIPI-beschleunigten Dixon-basierten Sequenz mit 

hoher räumlicher Auflösung, einer Knochenkorrektur und einer MR-basierten 

Trunkierungskorrektur bei 68Ga-DOTATOC PET/MRT Untersuchungen. Das 

übergeordnete Ziel dieser Studie war es, zu prüfen, ob die neueste Version der Dixon-
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MRAC-Sequenz und ihr Segmentierungsalgorithmus vor und nach der 

Kontrastmittelverabreichung in einem klinischen Umfeld identische Ergebnisse liefern, 

da dies eine höhere Flexibilität für die Planung komplexer klinischer PET/MRT-

Protokolle bieten würde. 

51 Patienten mit neuroendokrinen Tumoren unterzogen sich einer 68Ga-DOTATOC 

PET/MRT-Ganzkörperuntersuchung zum Tumor-Staging. Für jeden Patienten wurden 

erfolgreich zwei µmaps (vor und nach Gadolinium KM-Gabe) aufgenommen und zwei 

PET-Datensätze pro Patient rekonstruiert, die als Grundlage für die weitere 

quantitative Auswertung dienten. Die SUV-Werte von 21 definierten volume of interest 

(VOI) wurden in beiden PET-Datensätzen pro Patient erhoben. Ein Student's t-Test für 

gepaarte Stichproben wurde durchgeführt, um mögliche Unterschiede zwischen den 

beiden AC-Karten und den beiden rekonstruierten PET-Datensätzen zu ermitteln. Es 

wurde eine Bonferroni-Korrektur durchgeführt, um eine Akkumulation von α-Fehlern 

zu verhindern. Bei einem p-Wert von p<0,0024 wurden die Daten als statistisch 

signifikant betrachtet. 

Bereits die visuelle Auswertung der µmaps zeigte deutliche Unterschiede in der 

relativen Abschwächung in den Postkontrast-AC-Maps, insbesondere in der Lunge bei 

46/51 der Patienten (90,2 %) mit Nachweis einer zusätzlichen perihilären 

Weichteilsegmentierung sowie auch im Fettgewebe aller Patienten. In den 

Postkontrast-µmaps wurde beobachtet, dass das Fettgewebe bei allen Patienten 

teilweise mit einem zusätzlichen Kompartiment segmentiert war. Diesem zweiten 

Kompartiment im Fettgewebe wurde automatisch eine LAC von 0,0927 cm-1 

zugewiesen, die zwischen der LAC von Weichgewebe (0,1 cm-1) und Fett (0,0854 cm-

1) liegt. Bei 27,5 % (14/51 Patienten) konnte auch zusätzliches Weichteilgewebe im 

Knochenmark nachgewiesen werden. Darüber hinaus war bei 3,9 % (2/51) der 

Patienten ein fehlendes Signal der Schädelbasis bzw. ein fehlendes Signal von Teilen 
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des Achsenskeletts in der Nachkontrast-AC-Karte erkennbar. Bei 5,9 % (3/51) war ein 

kleiner Offset des Achsenskeletts nachweisbar. Daher wurde die LAC des Knochens 

in diesen drei Fällen mit der LAC des Weichteilgewebes gleichgesetzt. Dies führte zu 

einer leichten systematischen Unterschätzung der PET-Daten in diesen 

Knochenregionen. Bei einem Patienten (1/51) konnte eine vollständige 

Fehlklassifizierung der inneren Organe und ein "Swap" von Fett- und Weichgewebe 

beobachtet werden. Signifikante quantitative Unterschiede zwischen den SUVmax-

Werten wurden im perirenalen Fett (19,65 ± 48,03 %, p<0,0001), im axillären Fett 

(17,46 ± 63,67  %, p<0,0001) und im dorsalen subkutanen Fett auf Höhe des 

Lendenwirbelkörpers L4 (10,26 ± 25,29 %, p<0,0001) festgestellt. Signifikante 

Unterschiede zeigten sich auch in der Lunge apikal (5,80 ± 10,53 %, p<0,0001), dorsal 

auf Höhe des Lungenstamms (15,04 ± 19,09 %, p<0,0001) und dorsal in der 

Basallunge (51,27 ± 147,61 %, p<0,0001). 

Die Ergebnisse dieser Studie deuten darauf hin, dass die Verabreichung von 

Gadolinium-Kontrastmittel einen potenziellen Einfluss auf die MR-basierte 

Schwächungskorrektur in bestimmten Gewebekompartimenten wie Fett und Lunge 

haben und erhebliche interindividuelle Abweichungen in mehreren Organen 

verursachen kann, insbesondere bei Verwendung einer CAIPI-beschleunigten Dixon-

basierten Sequenz im 68Ga-DOTATOC-PET/MRT. Daher sollte die MR-basierte 

Abschwächungskorrektur bei der PET/MRT vor der Kontrastmittelgabe durchgeführt 

werden. Komplexe hybride Bildgebungsprotokolle, die sowohl 

Ganzkörperuntersuchungen als auch spezielle Untersuchungen bestimmter Organe 

wie Prostata oder gastrointestinale Tumorbildgebung umfassen, sollten entsprechend 

angepasst werden. 
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Effects of anti-TNF-therapy on inflammatory, structural and osteoblastic activity 

lesions in radiographic axial spondyloarthritis - a prospective proof-of-concept 

study using PET/MRI of SIJ and spine. Arthritis Rheumatol. 

 

Die röntgenologische axiale Spondyloarthritis (SpA), auch bekannt als ankylosierende 

Spondylitis (AS) (143), ist eine chronisch-entzündliche rheumatische Erkrankung, die 

die am weitesten fortgeschrittene Form der axialen Spondylarthritiden beschreibt (144). 

In der Frühphase ist die Erkrankung durch eine chronische Entzündung lumbal und in 

den Iliosakralgelenken (SI) gekennzeichnet (145). Bei Fortschreiten kann sich die 

Entzündung auf die Wirbelsäule ausweiten und zu einer vollständigen Versteifung des 

Achsenskeletts und zu entsprechenden Haltungsschäden führen, die mit schweren 

körperlichen Behinderungen und eingeschränkter Lebensqualität einhergehen 

(146,147). 

Die Behandlung umfasst nicht-pharmakologische und pharmakologische Maßnahmen, 

wobei letztere in erster Linie nicht-steroidale anti-inflammatorische Medikamente 

(NSAIDs) umfassen. Bei Patienten, die nicht auf eine NSAID-Behandlung ansprechen, 

können biologische Antirheumatika (bDMARDs) wie z. B. Antikörper gegen den 

Tumornekrosefaktor (TNFi) oder Interleukin-17 eingesetzt werden (148). 

Die Bildgebung spielt eine wesentliche Rolle bei der Diagnose und Behandlung der 

axialen Spondyloarthritis und kann auch zur Beurteilung des Therapieansprechens 

verwendet werden (149,150). Der derzeitige diagnostische Goldstandard bei der 

axialen Spondyloarthritis ist die MRT, da sie entzündliche Veränderungen wie 
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Knochenmarködeme als auch strukturelle Schäden wie Fettläsionen, Erosionen, 

Sklerose und Ankylose (149,151,152) unterscheiden kann.  

Die Einführung von hybriden Bildgebungsverfahren wie Positronen-Emissions 

Tomographie/Computertomographie (PET/CT) und PET/MRT ermöglicht zusätzliche 

Einblicke in die Pathogenese und die Stoffwechselaktivität der röntgenologischen 

axialen Spondyloarthritis (9). Daher wird der osteoblastenspezifische Radiotracer 18F-

NaF zur Visualisierung der lokalen Osteoblastenaktivität in entzündlichen und 

strukturellen Läsionen bei röntgenologischer axialer Spondyloarthritis zunehmend in 

Studien angewendet (9,153,154). Viele dieser Studien bestätigen, dass das Niveau 

der Osteoblastenaktivität an Stellen besonders hoch war, an denen ein 

Knochenmarködem und fetthaltige Läsionen im MRT nachgewiesen wurden, und dass 

Knochenmarködeme und Fettläsionen mit der Entwicklung von Syndesmophyten und 

neuer Knochenbildung korrelieren (155). Dies steht im Einklang mit den Ergebnissen 

neuerer Biopsiestudien bei Patienten mit röntgenologischer axialer Spondyloarthritis 

(156). 

Eine kontinuierliche Behandlung mit TNFi über ≥4 Jahre führte nachweislich zu 

geringeren Raten einer radiologischen Progression als die Behandlung mit Nicht-

bDMARDs (149,157–159). Dies ist sehr wahrscheinlich auf die positive Wirkung von 

bDMARDs auf frühe inflammatorische Veränderungen der Wirbelsäule 

zurückzuführen. Eine direkte Wirkung von bDMARDs auf die osteoblastische Aktivität 

konnte jedoch bisher nicht nachgewiesen werden. Ziel dieser prospektiven Studie war 

es daher, mittels eines 18F-NaF PET/MRT die Wirkung von TNFi auf die 

osteoblastische Aktivität in krankheitsspezifischen Läsionen zu analysieren. 

Hierzu wurden 16 Patienten mit klinisch aktiver röntgenologischer axialer 

Spondyloarthritis in die Studie eingeschlossen. Die Patienten erhielten eine 18F-NaF 

PET/MRT-Untersuchung der Iliosakralgelenke und der Wirbelsäule nach initialer TNFi 
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Therapie sowie erneut etwa 3-6 Monate nach Beginn der Behandlung. Die Bilder 

wurden auf das Vorhandensein von Knochenmarködemen, strukturellen Läsionen (d. 

h. Fettläsionen, Sklerose, Erosionen und Ankylose) und 18F-NaF-Uptake in den 

Quadranten der Sakroiliakalgelenke und den Wirbelkörpern untersucht. 

Insgesamt wurden 11 männliche und 5 weibliche Patienten (Durchschnittsalter ± SD 

38,6 ± 12,0 Jahre) über einen Zeitraum von 4,6 Monaten untersucht. Die 18F-NaF 

PET/MRT-Untersuchung wurde bei 16 Patienten an den SI-Gelenken und bei 10 

Patienten an der Wirbelsäule durchgeführt. Zu beiden Zeitpunkten wurden 128 SI-

Gelenkquadranten und 920 Wirbelkörperquadranten analysiert. Zu Beginn der 

Untersuchung wurde eine 18F-NaF-Aufnahme in 96,0 % der SI-Gelenkquadranten mit 

Knochenmarködem, bei 94,2 % mit Sklerose und bei 88,3 % mit Fettläsionen 

nachgewiesen. In der Follow-Up Untersuchung waren bei 65,3 % der SI-Gelenk-

Quadranten mit Knochenmarködem (P < 0,001), bei 33,8 % mit Sklerose (p = 0,23) 

und bei 24,5 % mit Fettläsionen (p = 0,01) eine geringere 18F-NaF Aufnahme im 

Vergleich zum Ausgangswert nachweisbar. Bei den Wirbelkörperquadranten war die 

18F-NaF-Aufnahme zu Studienbeginn bei 81,5 % der Ränder mit Sklerose, bei 41,9 % 

mit Fettläsionen und 33,7 % mit Knochenmarködemen zu finden. Bei der 

Nachuntersuchung zeigten 73,5 % der VCs mit Knochenmarködem (P = 0,01), 53,3 % 

mit Fettläsionen (P = 0,03) und 55,6 % mit Sklerose (P = 0,16) eine geringere 18F-NaF-

Aufnahme im Vergleich zum Ausgangswert.  

Die Ergebnisse dieser Studie deuten darauf hin, dass eine frühzeitige Einleitung einer 

entzündungshemmenden Therapie mit TNFi eine positive, antiosteoblastische 

Wirkung haben könnte, die zu einer Rückbildung der radiologischen Progression bei 

Patienten mit aktiver radiologischer axialer Spondylarthritis führt. Weitere 

Untersuchungen mit größeren Patientenkollektiven sind erforderlich, um diese 

Ergebnisse zu bestätigen. Es wird auch interessant sein zu sehen, ob die Behandlung 
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mit anderen bDMARDs, wie Interleukin-17-Inhibitoren oder mit kleinen Molekülen wie 

JAK-Inhibitoren zu ähnlichen Ergebnissen führen wird. 

 

Diskussion 

Die besondere Stärke hybrider Bildgebungsverfahren liegt in ihrer Möglichkeit, sowohl 

morphologische als auch metabolische Veränderungen im Körper darzustellen. Die 

PET/MRT ist die neueste der hybriden Bildgebungsverfahren und wurde in den letzten 

Jahren immer häufiger auch in der klinischen Praxis eingesetzt. Durch das hierbei 

eingesetzte MRT lassen sich auch die Informationen aus der funktionellen MRT-

Bildgebung nutzen. Die Entwicklung neuer Radiopharmaka, die spezifisch an 

bestimmte biochemische Prozesse im Körper binden, kann zusätzliche 

Anwendungsmöglichkeiten für die PET/MRT bei vielen entzündlichen und 

onkologischen Erkrankungen zur Früherkennung oder Verlaufskontrolle schaffen 

(160,161). In den hier vorgestellten Arbeiten wurden unterschiedlichen klinische 

Anwendungsmöglichkeiten, das diagnostische Potential und mögliche Fehlerquellen 

einer PET/MRT untersucht und Vorteile, Limitationen und zukünftige Entwicklungen 

diskutiert. 

 

Seit ihrer Einführung haben eine Vielzahl von Studien den diagnostischen Wert der 

PET/MRT für das Staging von Tumorerkrankungen belegt (162). Das 

Mammakarzinom ist die häufigste Tumorerkrankung und hat die zweithöchste 

krebsbedingte Morbidität bei Frauen weltweit (163). Neben einer molekularen 

Subtypisierung und der pathologischen Diagnose ist das Stadium entscheidend für das 

Überleben von Brustkrebspatientinnen. Aus diesem Grund hat eine möglichst exakte 

Bildgebung einen hohen Stellenwert in der Diagnostik und Nachsorge von 

Brustkrebspatientinnen. Die PET/MRT bietet hier durch den Einsatz des MRT 
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zusätzlich den Vorteil einer besseren Auflösung des Brustgewebes und kann bei der 

Diagnostik des Primärtumors helfen. 

Entsprechend der aktuellen Leitlinien der Europäischen Gesellschaft für Medizinische 

Onkologie (ESMO) von 2020 und des National Comprehensive Cancer Network 

(NCCN) von 2021 ist bei Patientinnen mit fortgeschrittenem Mammakarzinom aktuell 

eine thorakoabdominelle Computertomographie sowie eine Knochenszintigraphie 

empfohlen (45,58). Einzelne Studien zeigen aber auch Vorteile einer Ganzkörper-

Staging-Untersuchung mittels MRT, insbesondere bei der Detektion von 

Knochenmetastasen und bei Patientinnen mit Anzeichen einer möglichen 

Rückenmarkskompression (75,164) . In den Arbeiten 1 und 2 konnte jedoch gezeigt 

werden, dass die PET/MRT die höchstmögliche diagnostische Genauigkeit bietet und 

sowohl CT als auch MRT in der Beurteilung des N- und M-Stadiums bei Patientinnen 

mit primärem Brustkrebs überlegen ist. Die Studienergebnisse bestätigen die 

Resultate aus vorherigen Studien von Sawicki et al. (165), Botsikas et al. (166) und 

Heusner et al. (167), die ebenfalls eine verbesserte Genauigkeit und Reduktion falsch 

positiver Werte zeigen konnten. Der Vorteil dieser Studie im Gegensatz zu früheren 

Arbeiten ist die große, prospektiv erfasste Patientenkohorte, die sich neben dem 

PET/MRT beim Primärstaging den aktuellen ESMO-Leitlinien unterzieht und somit die 

klinische Routine widerspiegelt. 

Insbesondere die frühzeitige Detektion von Fernmetastasen ist für die Wahl des 

richtigen Therapieregimes relevant und kann einen großen Einfluss auf Mortalität und 

Morbidität haben. Im Rahmen der Erkrankung entwickeln etwa 30 % der betroffenen 

Frauen Fernmetastasen und hiervon fallen wiederum 50-70 % auf das Skelettsystem 

(68–72). In Arbeit 3 konnte nun gezeigt werden, dass sowohl die [18F]FDG-PET/MRT 

als auch die Ganzkörper MRT allein dem derzeitigen Goldstandard aus CT und 

Skelettszintigraphie in der Detektion von Knochenmetastasen deutlich überlegen sind.  
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Dies bestätigt bereits frühere Ergebnisse über die diagnostische Aussagekraft von 

18F-FDG PET/CT, MRT und Skelettszintigraphie (74,77,81,82). Korrelierend zu 

älteren Studien, beispielsweise der Arbeit von Bristol et al. (168) sollte aufgrund der 

auch in dieser Studie nachgewiesenen Überlegenheit der CT gegenüber der 

Knochenszintigraphie die Sinnhaftigkeit der Knochenszintigraphie beim Primärstaging 

hinterfragt (83,169) und die Ganzkörper-MRT als Diagnostikum der Wahl diskutiert 

werden, da sie durch die Fähigkeit, metastatisches Knochenmark frühzeitig 

nachzuweisen, der CT insbesondere in der Detektion osteolytischer Metastasen 

deutlich überlegen ist (170,171). Entsprechend der aktuellen Datenlage bieten 

hybriden Bildgebungsverfahren keine höhere Sensitivität (172–174), können aber die 

diagnostische Sicherheit des Untersuchers in der Differenzierung zwischen benigne 

und maligne durch die Visualisierung eines pathologischen Glukosemetabolismus 

erhöhen (175). 

Diverse Studien belegen außerdem eine höhere Sensitivität der PET/MRT 

Untersuchung gegenüber der PET/CT in der Detektion von Metastasen beim 

Mammakarzinom (56,57,176,177). In einer Studie von Pinker et al. (178) ließ sich 

darüber hinaus die Anzahl der unnötigen Biopsien mittels PET/MRT in einem Kollektiv 

von 78 suspekten Läsionen um die Hälfte verringern. Insgesamt sind die 

diagnostischen, bildgebenden Methoden jedoch weit davon entfernt, eine 

gleichwertige Alternative zur Biopsie darzustellen (179,180). Daher wird 

beispielsweise die Sentinel-Lymphknoten-Biopsie weiterhin als Methode der Wahl bei 

suspekten Lymphknoten großzügig angewendet (181–184). In Zukunft erhofft man 

sich durch die Einführung neuer, selektiverer Radiotracer die Sensitivität in der 

Diagnostik weiter verbessern zu können. In der Mammadiagnostik wird beispielsweise 

der Tracer 68Ga-FAPI-46 zunehmend angewendet. Das Molekül lagert sich an das 

Fibroblasten-Aktivierungsprotein (FAP) an, welches als Marker für invasive 
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Mammakarzinome gilt. In ersten Studien konnte durch die selektivere Anreicherung 

eine bessere Diagnostik unklarer Läsionen erreicht werden. Auch ist eine Reduktion 

falsch positiver Befunde möglich, beispielsweise durch die bessere Differenzierung 

von reaktiv anreichernden Läsionen nach Biopsie (185,186). 

Eine wesentliche Einschränkung eines Ganzkörper-Stagings mittels PET/MRT bei 

diversen Tumorerkrankungen ist weiterhin die Anfälligkeit der MRT-Bildgebung für 

Atem- und Herzbewegungen, wodurch es zu einer reduzierten Beurteilbarkeit des 

Lungenparenchyms kommen kann. Daher gilt die CT-Thorax immer noch als Methode 

der Wahl zur Diagnostik potentieller Lungenmetastasen. Insbesondere kleinere 

Lungenrundherde sind in der MRT hierdurch teils nur schwer zu detektieren (187,188). 

Gerade in der Magnetresonanztomographie hat es in den letzten Jahren neue 

Entwicklungen gegeben, die mehrheitlich darauf abzielen, die Untersuchungszeit zu 

verkürzen und die Bildqualität zu verbessern. Ein Beispiel für die Lunge ist die radial 

akquirierte Stack of Stars T1-gewichtete Gradientenecho (GRE) 3D-VIBE-Sequenz 

(StarVIBE). Das besondere bei dieser Sequenz ist, dass die Daten entlang radialer 

Speichen aufgenommen werden, dadurch Atempausen nicht mehr nötig sind und 

Phasenkodierfehler aufgrund von Atmung und Herzschlag durch Mittelung reduziert 

werden. Da die Akquisitionszeit nicht auf die Atempausen begrenzt ist, lässt sich auch 

die räumliche Auflösung verbessern (89,92,93). In Arbeit 4 wurde diese Sequenz in 

der Bewertung von Lungenrundherden beim Mammakarzinom analysiert und 

festgestellt, dass die Anwendung insbesondere bei der Erkennung von zentral 

gelegenen, durch die Bewegung besonders beeinflussten Lungenrundherden 

vorteilhaft sein kann. Insgesamt zeigte sich jedoch weiterhin eine deutlich reduzierte 

Sensitivität im Vergleich zur Computertomographie insbesondere in der Detektion sehr 

kleiner Lungenrundherde < 4 mm. Die Interpretation dieser kleinen Lungenrundherde 

stellt generell ein Problem in der radiologischen Diagnostik dar, da viele der in der CT 
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detektieren Rundherde benigne sind und unnötig kontrolliert werden. So wird in 

verschiedenen Studien postuliert, dass Lungenrundherde < 10 mm in onkologischen 

Patienten in den meisten Fällen benigne sind und häufig post-entzündlicher oder 

indurativer Genese (37,189). So zeigte sich trotz der geringeren Sensitivität der MRT 

in der Studie von Jannusch et al. kein Nachteil einer MRT-basierten Lungendiagnostik 

für das Primärstaging bei Mammakarzinompatientinnen (190) unter Anwendung von 

schnellen VIBE- und HASTE-Sequenzen (92). Die Anwendung radial akquirierter 

Sequenzen kann helfen, die Detektionsrate kleiner Lungenrundherde zusätzlich zu 

erhöhen und eine stetige hohe Qualität der Lungenaufnahmen zu gewährleisten.  

 

Um möglichst frühzeitig gezielte Therapien bei onkologischen Erkrankungen einleiten 

oder Krankheitsverlauf und Prognose abschätzen zu können, werden zunehmend 

Informationen über die Tumorbiologie gesammelt. Gerade bei Tumoren mit einer 

hohen Letalität und Heterogenität wie dem Lungenkarzinom ist dies von besonderer 

Bedeutung. Die PET/MRT bietet hier neben der konventionellen Bildgebung 

Informationen über Metabolismus mittels PET sowie über die Tumorzellularität mittels 

funktioneller Bildgebung aus der MRT. Am häufigsten Anwendung finden hier der 

SUV- und der ADC-Wert in der klinischen Routine, die in Arbeit 5 hinsichtlich ihres 

diagnostischen Potentials zur Prognoseabschätzung im kleinzelligen Lungenkarzinom 

untersucht wurden. Der SUVmax Wert ist bereits ein etablierter Parameter in der 

hybriden bildgebenden Diagnostik, vor allem aufgrund der guten Reproduzierbarkeit 

und Verfügbarkeit. Dennoch sind die Ergebnisse als prognostischer Marker in Studien 

nicht eindeutig. Korrelierend zu unseren Ergebnissen konnte in Studien zum 

prognostischen Wert von SUVmax beim Frühstadium des NSCLC ein Zusammenhang 

zwischen hohen SUVmax Werten und einem erhöhten Rezidivrisiko sowie einer 

schlechten Prognose gezeigt werden (191,192). Auch in einer Metaanalyse von Dong 
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et al. ließen sich die SUV-Werte aus einer 18F-FDG PET/CT Untersuchung als gute 

prognostische Marker für NSCLC im Frühstadium nutzen (192). Die Studien von 

Sharma et al. und Burdick et al. konnten diese Ergebnisse jedoch nicht bestätigen 

(193,194). Einige Studien konnten darüber hinaus auf das Potential des ADC-Wertes 

für die Vorhersage des Tumoransprechens und das Therapiemonitorings beim NSCLC 

hinweisen (112,113). So beobachteten Weiss et al. in einer Kohorte von zehn NSCLC-

Patienten einen signifikanten Anstieg der ADC-Werte im Verlauf ihrer 

Radiochemotherapie (113). Unsere Ergebnisse bestätigen, dass auch der ADC-Wert 

prognostische Bedeutung hat, aber einer Kombination beider Parameter die 

diagnostische Aussagekraft des SUV-Wertes nicht zusätzlich steigern kann. 

 

Ebenso wie das Lungenkarzinom sind auch die neuroendokrinen Neoplasien eine 

heterogene Gruppe von Tumoren, bei denen sich die richtige Therapie und damit die 

Prognose aufgrund der Diversität in Tumorbiologie, hormoneller Aktivität oder 

Aggressivität ihres Wachstumsverhaltens nur schwer bestimmen lassen (116,117). In 

diesem Zusammenhang hat sich das Tumorgrading als hilfreicher Prädiktor für das 

klinische Outcome von NEN-Patienten erwiesen und spielt daher bei der Wahl des 

Therapieregimes eine entscheidende Rolle (195). Aufgrund ihrer Fähigkeit, auch sehr 

kleine Läsionen zu detektieren, haben sich die beiden hybriden Bildgebungsverfahren 

PET/CT und PET/MRT unter Anwendung hochgradig Somatostatinrezeptor-avider 

Peptide wie beispielsweise 68Ga-markiertes DOTATOC in den letzten Jahren zum 

Goldstandard in der NEN Diagnostik entwickelt. Arbeit 6 konnte nun zeigen, dass die 

68Ga-DOTATOC-PET/MRT neben der reinen Tumordetektion den Vorteil bietet, dass 

durch die gleichzeitige Erfassung von Kontrastmittelphasen, funktioneller MRT-

Sequenzen wie DWI und dem SUVmax-Wert Aussagen über das Tumorgrading 

möglich sind und diese Daten zur Vorhersage des NEN-Grades sowie der 
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Aggressivität verwendet werden könnten. Korrelierend zu den Ergebnissen der 

Studien von Jang et al. und Guo et al. zeigte sich vor allem bei den G1-Tumoren ein 

arterielles Hyperenhancement, während sich dies bei G2/G3 Tumoren deutlich 

seltener nachweisen ließ (196,197). Eine Diffusionsrestriktion war in unserer Studie 

bei aggressiven Tumorgraden 2,8-mal häufiger, was frühere Studien von De Robertis 

et al. und Canellas et al. unterstützt (119,198). Eine signifikante negative Korrelation 

zwischen ADC-Werten und Tumorgrad, wie von Kim et al. (199) und Pereira et al. (127) 

beschrieben, konnte in unserer Studie hingegen nicht gefunden werden. Ein 

verlässlicher Parameter für die Vorhersage des Tumorgradings ist der SUVmax-Wert, 

der in unserer Studie bei Werten über dem Leberniveau bei aggressiven Tumorgraden 

siebenmal häufiger war. Dies korreliert mit diversen Studien, beispielsweise von 

Kayani et al., der in seiner Studie mit 38 Patienten unter Verwendung von 68Ga-

DOTATATE und 18F-FDG im kombinierten PET/CT sogar eine signifikante Korrelation 

mit dem Tumorgrading feststellen konnte (200). 

 

Wie beim PET/CT ist es auch im PET/MRT notwendig, eine Schwächungskorrektur zu 

erstellen, die umgebendes Körpergewebe und Hardwarekomponenten berücksichtigt, 

um möglichst exakte quantitative Werte zu erhalten. In den letzten Jahren wurde diese 

Schwächungskorrektur zunehmend verbessert, beispielsweise durch die Anwendung 

von Knochenmodellen oder einer Trunkierungskorrektur für die Arme (137,138). In 

Arbeit 7 wurde nun der Einfluss einer Kontrastmittelgabe während der Untersuchung 

auf die Schwächungskorrektur unter Anwendung neuester Dixon-MRAC-Sequenzen 

untersucht und festgestellt, dass die Kontrastmittelgabe die Schwächungskorrektur 

teils erheblich beeinflussen kann und quantitative Daten wie SUV-Werte an 

bestimmten Stellen des Körpers verfälscht werden können. Der Einfluss von 

Artefakten auf die Schwächungskorrektur wurde bereits ausführlich mit älteren 
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Versionen der Dixon-basierten umap untersucht. Beispielsweise zeigte sich in den 

Studien von Keller et al. [26] Und Brendle et al. [27] ein erheblicher Einfluss von 

Bewegung, Metallartefakten und falscher Gewebeklassifizierung auf die 

Schwächungskorrektur, wobei keine dieser Veränderungen eine Änderung der 

Diagnose durch Verfälschung der SUV-Werte zur Folge hatte. Passend zu den 

Ergebnissen unserer Studie ließen sich bei Ruhlmann et al. [19] in einer Ganzkörper 

PET/MRT-Studie nach der Applikation von gadoliniumhaltigen Kontrastmitteln 

Einflüsse auf die Fett/Wasser-Trennung an der Bettposition des Kopfes beobachten, 

wodurch die SUV-Werte erheblich verfälscht wurden. Während dort Fett/Wasser-

Vertauschungen bei 12 von 30 Patienten nachweisbar waren, ließ sich in Arbeit 7 

lediglich bei 1 von 51 Patienten eine Fehlklassifizierung der inneren Organe nach 

Kontrastmittelgabe nachweisen, was auf eine verbesserte Rekonstruktion der 

Schwächungskorrektur unter Verwendung von CAIPI-akzelerierten Dixon-VIBE 

Sequenzen mit verbesserter räumlicher Auflösung und einem robusteren 

Gewebesegmentierungsalgorithmus zurückgeführt wird. Entscheidend ist hierbei aber 

der relevante Einfluss des Kontrastmittels auf die Schwächungskorrektur. Auch ein 

direkter Schwächungseffekt des gadolinium-haltigen Kontrastmittels auf die PET-

Photonen wurde beispielswiese durch Lois et al. untersucht. Aufgrund der geringen 

Mengen (<20 ml) wurde dieser Effekt aber als vernachlässigbar eingestuft [19, 29]. 

Letztlich suggerieren die Ergebnisse aus Arbeit 7, dass PET/MRT-spezifische 

Protokollanpassungen vorgenommen werden sollten, um die Verwendung von Post-

KM-umaps zu verhindern oder aber die umaps im Befundungsprozess berücksichtigt 

werden sollten. 

Durch die Entwicklung neuer, spezifischer Radiotracer, die beispielsweise 

Pathomechanismen bestimmter Erkrankungen zum Ziel haben, ist das 

Anwendungsgebiet der hybriden Bildgebung über onkologische Fragestellungen 
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erweitert worden. In Arbeit 8 konnte nun unter Anwendung des 

osteoblastenspezifischen Radiotracers 18F-Natriumfluorid (Na[18F]F) zum ersten Mal 

herausgefunden werden, dass die TNF-Inhibitoren bei der axialen Spondyloarthritis 

neben der entzündungshemmenden auch eine positive, antiosteoblastische Wirkung 

besitzen und damit eine Rückbildung der radiologischen Progression dieser 

Erkrankung zur Folge haben können. Insgesamt stützen diese Daten frühere 

Beobachtungen wonach Inflammation und Knochenneubildung einen reparativen 

Prozess darstellen, der über Fettmetaplasie, Erosion und Sklerose verläuft und in einer 

Ankylose endet [25]. Außerdem ist eine möglichst frühzeitige Einleitung der Therapie 

für den Krankheitsverlauf entscheidend. Auch wenn bei allen Patienten die 

Quantifizierung der osteoblastischen Aktivität entweder rückläufig oder gleich blieb, 

konnten nicht alle einen Status geringerer Krankheitsaktivität erreichen, sodass 

letztlich das Ausmaß des Behandlungseffektes auf struktureller Ebene, wie er in der 

Bildgebung beurteilt wird, nicht das Ausmaß des Behandlungsergebnisses 

widerspiegelt. Eine mögliche Erklärung ist der in Arbeit 8 gewählte 

Untersuchungszeitraum von nur 4-6 Monaten. In Studien werden durch die bDMARDs 

auch langfristige klinische Behandlungswirkungen beschrieben, die sich in dieser 

Studie nicht abbilden ließen [30, 31]. Der Umstand, dass in Arbeit 8 besonders an 

Stellen erhöhter Entzündungsaktivität und weniger bei chronischen Veränderungen 

ein Rückgang der osteoblastischen Aktivität beobachtet werden konnte, lässt auf eine 

Übertragbarkeit der Daten auch für die Auswirkungen von Behandlungen bei Patienten 

mit nicht-radiographischer axialer Spondyloarthritis schließen [32]. 

Ausblick 

Die im Rahmen dieser kumulativen Habilitationsschrift vorgestellten Arbeiten 

beschäftigen sich mit der Implementierung und Verbesserung der PET/MRT in der 
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klinischen Routine-Diagnostik sowie dem Erschließen neuer 

Anwendungsmöglichkeiten.  

 

Seit nunmehr über 10 Jahren steht dem Gebiet der hybriden Bildgebung die PET/MRT 

zur Verfügung und stellt damit bis dato die neueste der hybriden 

Bildgebungsmodalitäten dar. Der große Durchbruch, der dieser Modalität seit Beginn 

an prophezeit wird, ist dem PET/MRT aber bisher nicht gelungen. Das PET/CT ist 

aufgrund der exzellenten Ergebnisse mittlerweile der Goldstandard in vielen 

onkologischen Fragestellungen, an dem sich andere bildgebende Verfahren messen 

müssen. Auch in großen Kohortenstudien zeigte sich im Vergleich von PET/MRT und 

PET/CT bisher meist eine Gleichwertigkeit oder nur leichte Vorteile des PET/MRT 

(201). 

Einerseits ist das Ziel aktueller Studien in der hybriden Bildgebung, die Vorteile der 

MRT-Komponente beim PET/MRT herauszustellen und hierdurch universale Staging-

Lösungen anzubieten, beispielsweise beim Mammakarzinom oder beim 

Prostatakarzinom. Hier lassen sich zum Ganzkörperstaging dedizierte 

Untersuchungsprotokolle einer Körperregion wie Mamma oder Prostata ergänzen, 

sodass in Zukunft bei ausreichender Verfügbarkeit das Staging mittels 

unterschiedlicher Modalitäten abgelöst werden kann. 

Andererseits lassen sich durch die Entwicklung neuer, hochspezifischer Radiotracer 

zunehmend präzisere Anwendungsmöglichkeiten erschließen, beispielsweise bei 

entzündlichen Erkrankungen oder der rheumatoiden Arthritis, sodass hier der 

Stellenwert dieser Modalität zur Beurteilung oder sogar Voraussage einer Therapie 

vielversprechend ist und die potentiellen Möglichkeiten zahlreich sind. 

Ein weiterer vielversprechender Ansatz ist die Integration von künstlicher Intelligenz 

und hier speziell dem maschinellen Lernen. Hier erhofft man sich in Zukunft, durch die 
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systematische Auswertung der vielen insbesondere in der PET/MRT gewonnenen 

Informationen die Bildinterpretation zu verbessern und frühzeitig Prognosefaktoren 

oder sogar Tumoreigenschaften abschätzen und eine zunehmend individualisierte, 

zielgerichtetere Therapie anbieten zu können.               

Zusammenfassend wird die hybride Bildgebung auch in Zukunft eine wichtige Rolle in 

der Diagnostik und Therapie von Krankheiten spielen und dazu beitragen, die 

Patientenversorgung zu verbessern und die Gesundheitsversorgung zu optimieren. 
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Abstract
Objectives To evaluate and compare the diagnostic potential of whole-bodyMRI and whole-body 18F-FDG PET/MRI for N and
M staging in newly diagnosed, histopathologically proven breast cancer.
Material and methods A total of 104 patients (age 53.4 ± 12.5) with newly diagnosed, histopathologically proven breast cancer
were enrolled in this study prospectively. All patients underwent a whole-body 18F-FDGPET/MRI.MRI and 18F-FDGPET/MRI
datasets were evaluated separately regarding lesion count, lesion localization, and lesion characterization (malignant/benign) as
well as the diagnostic confidence (5-point ordinal scale, 1–5). The N and M stages were assessed according to the eighth edition
of the American Joint Committee on Cancer staging manual in MRI datasets alone and in 18F-FDG PET/MRI datasets, respec-
tively. In the majority of lesions histopathology served as the reference standard. The remaining lesions were followed-up by
imaging and clinical examination. Separately for nodal-positive and nodal-negative women, a McNemar chi2 test was performed
to compare sensitivity and specificity of the N and M stages between 18F-FDG PET/MRI and MRI. Differences in diagnostic
confidence scores were assessed by Wilcoxon signed rank test.
Results MRI determined the N stage correctly in 78 of 104 (75%) patients with a sensitivity of 62.3% (95% CI: 0.48–0.75), a
specificity of 88.2% (95% CI: 0.76–0.96), a PPV (positive predictive value) of 84.6% % (95% CI: 69.5–0.94), and a NPV
(negative predictive value) of 69.2% (95% CI: 0.57–0.8). Corresponding results for 18F-FDG PET/MRI were 87/104 (83.7%),
75.5% (95% CI: 0.62–0.86), 92.2% (0.81–0.98), 90% (0.78–0.97), and 78.3% (0.66–0.88), showing a significantly better
sensitivity of 18F-FDG PET/MRI determining malignant lymph nodes (p = 0.008). The M stage was identified correctly in
MRI and 18F-FDG PET/MRI in 100 of 104 patients (96.2%). Both modalities correctly staged all 7 patients with distant
metastases, leading to false-positive findings in 4 patients in each modality (3.8%). In a lesion-based analysis, 18F-FDG PET/
MRI showed a significantly better performance in correctly determining malignant lesions (85.8% vs. 67.1%, difference 18.7%
(95%CI: 0.13–0.26), p < 0.0001) and offered a superior diagnostic confidence compared withMRI alone (4.1 ± 0.7 vs. 3.4 ± 0.7,
p < 0.0001).
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Conclusion 18F-FDG PET/MRI has a better diagnostic accuracy for N staging in primary breast cancer patients and provides a
significantly higher diagnostic confidence in lesion characterization than MRI alone. But both modalities bear the risk to
overestimate the M stage.

Keywords PET/MRI .MRI . Breast cancer staging

Introduction

Breast cancer is the most common cancer in women world-
wide with approximately 2.1 million new cases every year [1].
As in most malignancies, breast cancer mortality increases
with the individual tumor burden, while management and
prognosis depend heavily on the initial tumor stage [2].
Therefore, for optimal treatment and better survival, precise
initial staging plays a pivotal role. Herein, the correct determi-
nation of the lymph node status and the detection of distant
metastases are of utmost importance. Treatment of breast can-
cer patients without distant metastases usually includes sur-
gery and chemotherapy, alongside irradiation or further drug
therapy before and after surgery [3]. Depending on primary
tumor size and locoregional metastases, the surgical procedure
of choice can go from breast-preserving resection to complete
mastectomy and dissection of the ipsilateral axillary and sub-
clavian lymph nodes. In patients with proven distant metasta-
ses a palliative concept is intended, including extensive sys-
temic therapy [4].

The current diagnostic algorithm comprises plain mam-
mography, ultrasound, and in some cases magnetic reso-
nance imaging (MRI) of the breast to evaluate the local
tumor extent [3, 5]. Especially the demand for dedicated
breast MRI has heavily increased over the last few years
[6]. Due to a growing understanding of the importance of
an accurate initial staging of breast cancer patients, whole-
body imaging with computed tomography (CT) has recently
been established in addition to bone scintigraphy for the
detection of locoregional and distant metastases [3, 7].
However, whole-body MRI is rarely used for initial staging
of breast cancer [8], despite the option of combining dedi-
cated breast MRI with a whole-body examination and its
well-known advantages when imaging parenchymal organs
[9, 10]. When it comes to PET recent studies have reported a
high diagnostic accuracy of 18F-fluorodeoxyglucose-positron
emission tomography/CT (18F-FDG PET/CT) in distant
breast cancer metastases [11–13]. Consequently, hybrid
18F-FDG PET/MRI might serve as a comprehensive “all-
in-one” breast cancer staging tool, providing precise local
and whole-body staging in one procedure. In smaller co-
horts, 18F-FDG PET/MRI has already shown promising re-
sults as an alternative modality in primary breast cancer
staging [14–18] and in recurrent disease [19–22].

Therefore, the purpose of this prospective study was to eval-
uate the diagnostic accuracy of whole-bodyMRI comparedwith
whole-body 18F-FDG PET/MRI for the initial N and M staging
in a large cohort of therapy-naive breast cancer patients.

Material and methods

Patients

This prospective, multi-center study was approved by the in-
stitutional review board of the University Duisburg-Essen
(study number 17-7396-BO) and Düsseldorf (study number
6040R), and all patients signed a written informed consent
form prior to enrolment. Between August 2017 and
June 2019, a total of 104 female patients (53.4 ± 12.5, range
29–84 years, Table 1) with newly diagnosed breast cancer
were included if they met the following inclusion criteria:
[1] Newly diagnosed, treatment-naive T2-tumor or higher T-
stage or [2] newly diagnosed, treatment-naive triple-negative
tumor of every size or [3] newly diagnosed, treatment-naive
tumor with molecular high risk (T1c, Ki67 > 14%, HER2-new
over-expression, G3). Exclusion criteria were former malig-
nancies in the last 5 years, contraindications to MRI or MRI
contrast agents and pregnancy or breast-feeding. All enrolled
patients underwent 18F- FDG PET/MRI.

PET/MRI

The 18F-FDG PET/MRI examinations were performed on an
integrated 3.0-Tesla Biograph mMR scanner (Siemens
Healthcare GmbH, Erlangen, Germany). To ensure blood glu-
cose levels below 150 mg/dl, blood samples were obtained
prior to the injection of a body-weight adapted dose of 18F-
FDG (4 MBq/kg bodyweight), resulting in a mean activity of
253.8 ± 42.6 MBq. All patients underwent whole-body 18F-
FDG PET/MRI in supine position from head to the mid-thigh
using a dedicated 16-channel head-and neck radiofrequency
(RF) coil, a 24-channel spine-array RF coil and referring to the
patients height three to five flexible 6-channel body array RF
coils. PET images were performed simultaneously with the
MRI data acquisition and with an acquisition time of 3 min
per bed position in four or five positions, depending on the
patients’ height (axial FOV 25.8 cm, matrix size 344 × 344).
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Mean duration time according to manufacturer’s specifica-
tions is set at 40 min for the whole-body examination. PET
data sets were reconstructed utilizing an iterative ordered-
subset expectation maximization (OSEM) algorithm with
three iterations and 21 subsets.

For MR-based PETattenuation correction, a two-point (fat,
water) coronal 3D-Dixon-VIBE sequence was acquired to
generate a four-compartment model (background air, lungs,
fat, muscle).

The dedicated 18F- FDG PET/MRI protocol consisted of
the following sequences:

1. A transverse T2–weighted (T2w) fat-suppressed half
Fourier acquisition single shot turbo spin echo (HASTE)

sequence in respiratory medium position and a slice thick-
ness of 7 mm.

2. A transverse diffusion-weighted echo-planar imaging
(EPI DWI) sequence (b values 0, 500, 1000) in respiratory
medium position with a slice thickness of 5 mm.

3. A transversal T1–weighted (T1w) fat saturated post-
contrast volume-interpolated breath-hold examination
(VIBE) sequence after intravenous injection of a
gadolinium-based contrast agent (0.2 mmol/kg body
weight, Dotarem, Guerbet GmbH, Germany) with a slice
thickness of 3 mm.

As part of the 18F- FDG PET/MRI examination, a dedicat-
ed breast PET/MRI in head-first prone positionwas performed
in all patients prior to whole-body imaging. The presented
analysis is based on data of a larger prospective study.
Therefore, in consideration of the focus of the presented study,
these dedicated breast MRI sequences were not included in
evaluation.

Image analysis

MRI and 18F-FDG PET/MRI images were analyzed separate-
ly by two experienced radiologists in hybrid imaging and MR
imaging with a reading gap of at least 4 weeks to avoid rec-
ognition bias. The datasets were evaluated on a dedicated
OsiriX workstation (Osirix MD v.9.0.2, Pixmeo, SARL,
Bernex, Switzerland). The readers were aware of the diagnosis
but blinded to results of N and M stages and results from prior
imaging (e.g., sonography). For every patient, the number of
lesions, the lesion type (malignant / benign), location, and size
as well as the diagnostic confidence of lesion type ratings (5-
point ordinal scale, 1 = very low confidence, 2 = low confi-
dence, 3 = indeterminate confidence, 4 = high confidence,
5 = very high confidence) were determined in MRI alone
and 18F-FDG PET/MRI. Discrepant interpretations were re-
solved by consensus decision-making in a separate session
between the two readers. Lymph nodes were classified as ma-
lignant based on morphological and metabolic criteria, com-
prising short-axis diameter > 10 mm, spherical configuration,
shape (smooth vs. irregular), increased contrast enhancement,
diffusion restriction, and focally increased FDG uptake [22,
23]. In accordance with previous publications, findings were
considered to be malignant for the evaluation of distant me-
tastases when showing an invasive growth pattern, central
necrosis, and typically malignant MR signal characteristics
like pathological contrast enhancement and diffusion restric-
tion. On 18F-FDG PET/MRI a visually detectable focal uptake
of FDG above background signal counted as a sign of malig-
nancy. The standardized uptake value (SUVmax) was mea-
sured in every lesion with a focal FDG uptake by placing a
manually drawn polygonal volume of interest (VOI) over each

Table 1 Patients demographics

N (%)

Total patients 104(100)

Menopause status Pre 43

Peri 11

Post 50

Family risk profile Positive 11

Negative 93

BRCA-1 Positive 1

Negative 27

Unknown 76

BRCA-2 Positive 2

Negative 26

Unknown 76

Ki 67 Positive (> 14%) 88

Negative (< 14%) 16

PR status Positive 74

Negative 30

ER status Positive 77

Negative 27

HER2-neu expression 0 42

1+ 33

2+ 11

3+ 18

Subtype Luminal a 12

Luminal b 74

HER2-enriched 2

Basal-like 16

Tumor Grade G1 2

G2 60

G3 42

Histology Ductal invasive/NST 97

Lobular invasive 5

Mucinous invasive 1

Mixed type 1
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lesion on attenuation-corrected PET images. In all lesions, the
maximum diameter was measured.

Reference standard

The 104 patients enrolled in this study had a total of 298
lesions, excluding the primary tumor mass. In 98 patients,
204 out of 298 lesions were confirmed histopathologically.
A surrogate reference standard was applied to the remaining
94 lesions containing follow-up imaging and clinical exami-
nations. A decrease in size of suspicious lesions after therapy
was regarded as a sign of malignancy. Forty-five lesions were
followed-up by CTand 19 lesions by MRI (mean interval 8 ±
5 months). The remaining 30 lesions were followed-up with
sonography and clinical examination.

Statistical analysis

Statistical analysis was performed using SPSS Statistics 22 (IBM
Inc., Armonk, NY, USA) and Graphpad Prism 7 (GraphPad
Software, La Jolla, CA, USA). All data are presented as mean
± standard deviation. The data were analyzed calculating sensi-
tivity, specificity, positive and negative predictive values (PPV,
NPV) on a per-patient basis, and a per-lesion basis. Separately
for nodal-positive and nodal-negative patients, a McNemar chi2

test was performed to compare sensitivity and specificity be-
tween MRI alone and 18F-FDG PET/MRI. We used a
Wilcoxon signed rank test to compare the diagnostic confidence
of lesion nature assessments (benign/malignant). A p value of
less than 0.05 was set as indicating a statistical significance.

Results

Patient-based analysis

When differentiating between nodal-positive and nodal-
negative patients, MRI rated 78/104 (75%, 95% CI 65.5–
83.0) of the patients correctly, leading to a sensitivity of
62.3% (95% CI: 47.9–75.2), a specificity of 88.2% (95% CI
76.1–95.6), a PPVof 84.6% (95% CI 69.5–94.1), and a NPV
of 69.2% (95%CI 56.6–80.1) (see Table 2). The exact N stage
(i.e., N0, N1, N2, N3) was determined correctly by MRI in 74
of 104 patients (71.2%, 95% CI 61.5–79.6). The specific dis-
tribution of lymph nodes is shown in Fig. 1.

With 18F-FDG PET/MRI differentiation between nodal-
positive and nodal-negative patients was rated correctly in
87/104 (83.7%, 95% CI 75.1–90.2) with a sensitivity of
75.5% (95% CI 61.7–86.2), a specificity of 92.2% (95% CI
81.1–97.8), a PPV 90.9% (95% CI 78.3–97.5), and a NPVof
78.3% (95% CI 65.8–87.9). The exact N stage was deter-
mined correctly in 86/104 (82.7%, 95% CI 74.0–89.4) of the
patients (Fig. 1). A total of 20/53 (37.7%, 95% CI 24.8–52.1)

nodal-positive patients were missed byMRI, while only 13/53
(24.5%, 95% CI 13.8–38.3) nodal-positive patients were
missed with 18F-FDG PET/MRI (Fig. 4). There were 6
(11.8%, 95% CI 4.4–23.9) false-positive lymph node findings
in MRI and 4 (7.8%, 95% CI 2.2–18.9) in PET/MRI.

For nodal-positive women, the exact McNemar chi2 test
indicated that nodes were more often found by 18F-FDG
PET/MRI than by MRI alone (test statistic = 7.0, p = 0.002).
The corresponding difference in sensitivities was 13.2% (95%
CI − 4.2–30.7). For nodal-negative women, the test statistic of
the exact McNemar chi2 test was 2.0 (p = 0.50). The corre-
sponding difference in specificities was 3.9% (95% CI − 7.6–
15.4%). Table 2 gives a detailed overview of N stage perfor-
mance with MRI and 18F-FDG PET/MRI.

According to the reference standard distant metastases
were present in 7/104 patients (6.7%, Table 3, Figs. 2 and
3). The M stage was defined correctly with MRI and 18F-
FDG PET/MRI in 100 of 104 patients. As both modalities
correctly detected all patients with proven distant metastases,
there were false-positive findings in 4 patients (3.8%, 95% CI
1.1–9.6) in each modality, resulting in a sensitivity of 100%
(95% CI 59.0–100.0), a specificity of 95.9% (95% CI 90.4–
98.9), a NPV of 100% (95% CI 96.3–100.0), and a PPV of
63.7% (95% CI 30.8–89.1). Three of the false-positive ratings
were identical in both modalities, comprising one patient with
a focal pericarditis showing a normal follow-up MRI after
12 months, one patient with two suspicious lung lesions that
were followed-up by CT after 2 months without any sign of
malignancy and one patient with multiple enlarged abdominal
lymph nodes, which turned out benign in a histopathological
examination and on follow-up MRI after 1 year. Additionally,
18F-FDG PET/MRI identified one patient with a suspicious
liver lesion and MRI determined a pararenal and a subcutane-
ous mass in another patient. Both these lesions were non-
malignant according to follow-up imaging (Fig. 4).

Table 2 N staging on a patient-based analysis. Distribution of N staging
forMRI alone and 18F-FDG PET/MRI and comparisonwith the reference
standard

Standard of reference

N stage MRI Nodal negative Nodal positive Total

Nodal negative 45 20 65

Nodal positive 6 33 39

Total 51 53

Correct N ratings 78 (75.0%)

N stage PET/MRI

Nodal negative 47 13 60

Nodal positive 4 40 44

Total 51 53

Correct N ratings 87 (83.7%)
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Lesion-based analysis

In accordance with the reference standard, a total of 298 le-
sions, containing 155malignant (52%) and 143 benign lesions
(48%), were included in the final analysis (see Table 4, Fig. 3).
18F-FDG PET/MRI showed a higher diagnostic accuracy in
the lesion-based analysis than MRI alone with 258 vs. 224
correct lesion nature ratings (86.6% vs. 75.2%, difference:
11.4% (95% CI 5.1–17.7)). Furthermore, the McNemar chi2

test indicated a significant difference for correct malignant
lesion rating between MRI alone and 18F-FDG PET/MRI
(104 vs. 133 correct lesion nature ratings, 67.1% vs. 85.8%,
difference 18.7% (95% CI 9.5–27.9), p < 0.0001) and an
equivalent result in detecting benign lesions (120 vs. 125 cor-
rect lesion nature ratings, 83.9% vs. 87.4%, difference 3.5%
(95% CI − 4.6–11.6), p = 0.063) (see Table 5). In detail, 18F-
FDG PET/MRI had 22/155 (14.2%, 95% CI 9.1–20.7) false-
negative ratings of axillary and subclavian lymph nodes, due
to small lesion size and weak FDG uptake, while MRI alone
misinterpreted a total of 38/155 (24.5%, 95%CI 18.0–32.1) of
the malignant lesions as not malignant. 18F-FDG PET/MRI
correctly identified all of the 31 distant metastases and did not
miss any of the malignant lesions while MRI failed to detect 5
bone metastases in one patient and one malignant hilar lymph
node as well as seven non-enlarged lymph node metastases in
clavicular and mammarian position. Moreover, there were 19

and 18 histopathologically proven false-positive findings in
MRI and 18F-FDG PET/MRI, respectively, due to elevated
size, suspicious shape, or increased FDG uptake.

Diagnostic confidence

18F-FDG PET/MRI showed a significantly higher overall di-
agnostic confidence than MRI alone (4.1 ± 0.7 vs. 3.4 ± 0.7,
p < 0.0001). Comparing the diagnostic confidence regarding
malignant lesions only, containing locoregional and distant
metastatic lesions, 18F-FDG PET/MRI was also significantly
superior to MRI alone (4.3 ± 0.7 vs. 3.4 ± 0.7, p < 0.0001).
Comparing the diagnostic confidence regarding benign le-
sions only, significant differences in favor of 18F-FDG PET/
MRI were observed (3.8 ± 0.7 vs. 3.3 ± 0.7, p < 0.001).

Discussion

This study shows that both the whole-body 18F-FDG PET/
MRI and whole-body MRI are valuable diagnostic tools for
staging breast cancer patients. 18F-FDG PET/MRI outper-
forms the accuracy of MRI alone when assessing the N stage,
and the diagnostic confidence is significantly higher with 18F-
FDG PET/MRI.

Due to a growing understanding of the importance of an
accurate initial staging, new staging modalities, primarily the
CT, have been established and integrated into breast cancer
guidelines [4, 7]. The demand for dedicated breast MRI has
heavily increased over the last few years, and based on the
growing usage of breastMRI, a subsequent implementation of
a whole-body MRI is also conceivable.

In regard to the application of hybrid imaging modalities,
the 2015 European Society For Medical Oncology (ESMO)
and the 2016 National Comprehensive Cancer Network
(NCCN) guidelines consider systemic staging with 18F-FDG
PET/CTonly for patients with inconclusive results in conven-
tional imaging, in high-risk patients [7] or in patients with
newly diagnosed stage III breast cancer, except for operable

Fig. 1 Determination of the
lymph node stage withMRI alone
(a) and 18F-FDG PET/MRI (b)

Table 3 M staging on a patient-based analysis. Distribution of M stag-
ing for MRI and 18F-FDG PET/MRI and comparison to the reference
standard. This table is identical for both modalities

Standard of reference

M stage MRI and PET/MRI Negative Positive Total

Negative 93 0 93

Positive 4 7 11

Total 97 7

Correct N and M in MRI 72 (69.2%)

Correct N and M in PET/MRI 84 (80.8%)
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IIIA breast cancer [24]. However, recent studies showed that
18F-FDG PET/CT detects unsuspected distant metastases in
up to 15% of patients compared to the traditional staging al-
gorithm in patients with initial stage IIB breast cancer [13, 25,
26]. Since its introduction in 2011, there has been a large
quantity of studies indicating a high diagnostic value of
PET/MRI for whole-body cancer staging [27]. Several trials
have already noted a superiority of PET/MRI compared with
MRI alone in primary and recurrent cancer staging, for exam-
ple in women with pelvic cancer [23, 28]. Furthermore, some
initial studies showed similar results for the superiority of
hybrid imaging modalities in detecting malignant lymph
nodes and distant metastases in breast cancer [19, 29, 30].

Furthermore, it has been shown that 18F-FDG PET/MRI is
superior to 18F-FDG PET/CT in the detection of breast cancer
metastases [19]. This applies to axillary lymph node metasta-
ses, to liver and bone metastases, and to the total tumor stage
[21, 31, 32]. It was emphasized in former studies that in com-
bination with a dedicated breast PET/MRI protocol, 18F-FDG
PET/MRI has the appealing potential of a one-stop-shop so-
lution for patients with primary breast cancer [33, 34].The
results of our study reveal a significantly better accuracy for
determining the correct N stage with 18F-FDG PET/MRI than
with MRI alone. Both modalities showed similarly strong

results in specificity on a patient-based analysis for the N
and M rating. The lesion-based analysis confirmed these re-
sults discovering a significant higher diagnostic accuracy of
18F-FDG PET/MRI especially in detecting malignant lesions
with lower false-negative ratings, especially in malignant
lymph nodes.

Regarding the detection of locoregional lymph node me-
tastases, Grueneisen et al. described a higher sensitivity of
PET-based imaging, comparing 18F-FDG PET/CT, 18F-FDG
PET/MRI, and MRI alone in a study cohort of 49 primary
breast cancer patients with sensitivities of 78%, 78%, and
67% and specificities of 94%, 90%, and 87%, supporting the
results of our trial [32]. Ergul et al. also showed a higher
performance of PET-based imaging for axillary metastases
with a sensitivity of 67% and a specificity of 89% with 18F-
FDG PET/CT, compared with 47% and 78% for MRI [35].
The sentinel lymph node biopsy is still the clinical standard for
determining nodal-positive patients. In clinical routine, nodal-
positive patients undergo axillary lymph node dissection
(ALND) in a second surgical intervention. The traditional
staging algorithm with clinical examination, sonography, con-
ventional mammography, and breast MRI is a useful but still
inadequate predictor of axillary lymph node involvement and
is far away from serving as a potential alternative to invasive

Fig. 2 A 57-year old woman with
diagnosis of primary breast can-
cer. Primary tumor located in the
left breast and visible bone me-
tastasis in a left rib with contrast
enhancement on T1w fs VIBE
(a), corresponding diffusion re-
striction (c), and pathological
FDG uptake on PET (d) and fused
18F-FDG PET/MRI (b)

Fig. 3 A 47-year old woman with
primary breast cancer on the left
side. Visible enlarged axillary
lymph node with contrast en-
hancement in T1w fs VIBE (a)
and corresponding diffusion re-
striction (c) as well as a patho-
logical FDG uptake on PET (d)
and fused 18F-FDG PET/MRI (b),
rated as an axillary lymph node
metastasis
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procedures [36, 37]. Thus, according to previous results and
the results of our study, PET/MRI and PET/CT are imaging
techniques with a more reliable selection of patients in nodal-
positive and nodal-negative and could help to reduce surgical
intervention, for example, identifying patients who should be
treated with ALND immediately, avoiding a prior lymph node
biopsy.

In our study, there was no difference between 18F-FDG PET/
MRI and MRI alone when assessing the M stage. Both modal-
ities were able to detect all of the seven patients with distant
metastases but bear the risk of overestimating theM stage, rating
four patients as false positive. In the study of Sawicki et al. [19],
whole-body 18F-FDG PET/MRI reported superiority regarding
detection of distant malignant lesions compared to whole-body
MRI in recurrent breast cancer patients. Catalano et al. [38]
compared whole-body 18F-FDG PET/MRI with whole-body
DWI MRI in a smaller cohort study, yielding an insignificantly

better performance of PET/MRI in predicting the initial whole-
body tumor stage of breast cancer.

Other studies explored the expected high diagnostic poten-
tial of 18F-FDG PET/MRI and revealed a higher sensitivity of
18F-FDG PET/MRI over 18F-FDG PET/CT in the diagnosis of
locoregional and distant metastases in breast cancer, especially
regarding liver and bone metastases, the most common loca-
tions of distant breast cancer spread [19, 21, 39]. For instance,
Catalano et al. [40] described a significantly higher identifica-
tion of bone metastases in breast cancer by 18F-FDG PET/MRI
compared with 18F-FDG PET/CT (141 vs. 90, p < 0.001) in 25
patients. In the study of Pace et al. [41], 18F-FDG PET/MRI
showed equivalent performance to 18F-FDG PET/CT in terms
of qualitative lesion detection. Only the overall detection and
characterization of lung lesions remains inferior with 18F-FDG
PET/CT, caused by the limited ability of MRI to detect small
lung lesions [9, 10]. In view of our own results and results of the
aforementioned previous studies, it can be summarized that

Fig. 4 A 61-year old woman with
diagnosis of primary breast can-
cer. Not enlarged, ovoid axillary
lymph nodes in T1w fs VIBE
without contrast enhancement
and with visible fatty hilum (a).
No evidence of a clear diffusion
restriction (c). However, a patho-
logical FDG uptake on PET (d)
and fused 18F-FDG PET/MRI (b)
is visible, indicating an axillary
lymph node metastasis.
Accordingly, histopathology con-
firmed malignancy

Table 4 Location of all 155 malignant lesions according to the standard
of reference

Location Number Percentage

Distant Bone metastases 28 18.1

Lung metastases 2 1.3

Hilar lymph node 1 0.6

Locoregional Lymph node metastases 124 80

Axillary 102

Clavicular 12

Subpectoral 2

Cervical 1

Internal mammarian artery 7

Total 155 100

Table 5 Lesion-based analysis. Correct ratings, false ratings andmissed
lesions on MRI alone and 18F-FDG PET/MRI in relation to the total
number of malignant and benign according to the reference standard

Malignant lesions Benign lesions

MRI Correct ratings 104 (67.1%) 120 (83.9%)

False ratings 38 (24.5%) 19 (13.3%)

Missed lesions 13 (8.4%) 4 (2.8%)

Total 155 (100%) 143 (100%)

PET/MRI Correct ratings 133 (85.8%) 125 (87.4%)

False ratings 22 (14.2%) 18 (12.6%)

Missed lesions 0 (0%) 0 (0%)

Total 155 (100%) 143 (100%)
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regarding distant metastases detection 18F-FDG PET/MRI ap-
pears to have a high sensitivity but bears the risk of false-
positive findings. From a clinical perspective, a final histopath-
ological confirmation of suspicious lesions is still required.

Besides, the mere detection of potential lesions, in daily
routine diagnostic or interpretation confidence, is also a
matter of high interest, and the level of confidence might
vary between imaging modalities. In our study, we assessed
the practical confidence of the reading radiologists in 18F-
FDG PET/MRI and MRI. We found that hybrid PET/MRI
imaging has great advantages with regard to the confidence
of the final diagnosis that was assigned to a suspicious
lesion. We believe that this is before all other reasons based
on its ability to visualize pathologically increased glucose
metabolism of malignant lesions, thereby, minimizing the
uncertainty in the dichotomization between benign and ma-
lignant lesion nature compared with conventional imaging
techniques [23].

This study has some limitations. First of all, a gen-
eral limitation of PET/MRI still remains the long acqui-
sition time, reducing the patients comfort during exam-
ination [42]. Secondly, since biopsy, especially in pa-
tients with advanced tumor stages, was not necessarily
required in all lesions according to guideline-based
management and ethical standards, a modified reference
standard had to be applied including follow-up imaging
and clinical examinations. This procedure was in accor-
dance with former studies [15, 19, 28]. Another relative
limitation of our study is the fact, that we used the MRI
images of the 18F-FDG PET/MRI protocol, as some
authors prefer a dedicated MRI. However, a comprehen-
sive MRI protocol was established as part of the 18F-
FDG PET/MRI scan, and, based on this protocol, MRI
image quality was not limited compared with a stand-
alone MRI.

In conclusion, this prospective study demonstrates a high
value of 18F-FDG PET/MRI for the N and M staging in pa-
tients with primary breast cancer. 18F-FDG PET/MRI has a
superior diagnostic performance on a per-patient and a per-
lesion basis compared with MRI alone when determining the
N-stage. Although MRI alone and 18F-FDG PET/MRI detect-
ed all patients with histopathological proven distant metasta-
ses, both modalities bear a certain risk to overestimate the M
stage. Nevertheless, 18F-FDG PET/MRI should be considered
as a useful alternative for systematic staging of breast cancer
patients at time of diagnosis.
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Abstract

Objectives

To compare the diagnostic accuracy of contrast-enhanced thoraco-abdominal computed

tomography and whole-body 18F-FDG PET/MRI in N and M staging in newly diagnosed, his-

topathological proven breast cancer.

Material andmethods

A total of 80 consecutive women with newly diagnosed and histopathologically confirmed

breast cancer were enrolled in this prospective study. Following inclusion criteria had to be

fulfilled: (1) newly diagnosed, treatment-naive T2-tumor or higher T-stage or (2) newly diag-

nosed, treatment-naive triple-negative tumor of every size or (3) newly diagnosed, treat-

ment-naive tumor with molecular high risk (T1c, Ki67 >14%, HER2neu over-expression,

G3). All patients underwent a thoraco-abdominal ceCT and a whole-body 18F-FDG PET/

MRI. All datasets were evaluated by two experienced radiologists in hybrid imaging regard-

ing suspect lesion count, localization, categorization and diagnostic confidence. Images

were interpreted in random order with a reading gap of at least 4 weeks to avoid recognition

bias. Histopathological results as well as follow-up imaging served as reference standard.

Differences in staging accuracy were assessed using Mc Nemars chi2 test.

Results

CT rated the N stage correctly in 64 of 80 (80%, 95% CI:70.0–87.3) patients with a sensitiv-

ity of 61.5% (CI:45.9–75.1), a specificity of 97.6% (CI:87.4–99.6), a PPV of 96% (CI:80.5–
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99.3), and a NPV of 72.7% (CI:59.8–82.7). Compared to this, 18F-FDG PET/MRI deter-

mined the N stage correctly in 71 of 80 (88.75%, CI:80.0–94.0) patients with a sensitivity of

82.1% (CI:67.3–91.0), a specificity of 95.1% (CI:83.9–98.7), a PPV of 94.1% (CI:80.9–98.4)

and a NPV of 84.8% (CI:71.8–92.4). Differences in sensitivities were statistically significant

(difference 20.6%, CI:-0.02–40.9; p = 0.008). Distant metastases were present in 7/80

patients (8.75%). 18 F-FDG PET/MRI detected all of the histopathological proven metasta-

ses without any false-positive findings, while 3 patients with bone metastases were missed

in CT (sensitivity 57.1%, specificity 95.9%). Additionally, CT presented false-positive find-

ings in 3 patients.

Conclusion
18F-FDG PET/MRI has a high diagnostic potential and outperforms CT in assessing the N

and M stage in patients with primary breast cancer.

Introduction

Accounting for approximately 12% of new cancer diagnoses every year, breast cancer is con-
sidered to be the most frequent cancer in women worldwide and the leading cause of cancer-
related death [1]. Treatment concepts and consecutively the survival rate heavily depend on
the initial cancer staging. Therefore, accurate imaging-based staging of patients with newly
diagnosed breast cancer is playing a pivotal role to determine the optimal treatment manage-
ment and to minimize potential harmful surgical interventions and extensive systemic therapy
[2].

Key points for the initial staging are the detection of tumor manifestations in the contralat-
eral breast, evaluation of locoregional lymph nodes and the detection of distant metastases [3].
Depending on the primary tumor size and the locoregional lymph node status, surgery can
extent from a breast-conserving therapy to a complete mastectomy and ipsilateral axillary dis-
section. In case of validated distant metastases the treatment concept switches to an extensive
systemic and most likely palliative therapy [2].

According to the 2018 European Society For Medical Oncology (ESMO) and the 2016
National Comprehensive Cancer Network (NCCN) guidelines a staging, including contrast-
enhanced thoraco-abdominal CT and bone scintigraphy [2, 4], is considered in patients with
advanced breast cancer (UICC III/IV) and patients with UICC stage II combined with addi-
tional risk factors like clinically positive axillary lymph nodes, large tumor size, aggressive biol-
ogy (HER2neu over-expression, triple negative tumor) or clinical signs/laboratory values
suggesting the presence of metastases. Staging in early breast cancer is directed at locoregional
disease as patients do not benefit from a whole-body staging, since asymptomatic distant
metastases are very rare in early tumor stages [2, 4–6].

Recent studies revealed a superiority of hybrid imaging modalities in detection of distant
metastases and in correct malignant lesion rating for breast cancer patients [7–9]. Thus, dual
imaging methods have been implemented in international guidelines recommending a
18F-FDG PET/CT when conventional methods are inconclusive, in high-risk patients or in
patients with newly diagnosed stage III breast cancer [4, 6]. Nevertheless, recent studies dem-
onstrated the superiority of 18F-FDG PET/MRI compared to 18F-FDG PET/CT in the detec-
tion of breast cancer metastases [10]. Especially in combination with a dedicated breast (PET/)
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MRI may serve as a valuable one-stop-shop alternative for primary staging of breast cancer
patients [11–17].

Thus, the purpose of our study was to evaluate the diagnostic potential of CT resembling
the current clinical standard compared to 18F-FDG PET/MRI for the initial N and M staging
of primary breast cancer patients.

Material andmethods

Patients

This study was approved by the institutional review board of the University Duisburg-Essen
(study number 17-7396-BO) and Düsseldorf (study number 6040R) and performed in confor-
mance with the Declaration of Helsinki [18]. All enrolled patients underwent an 18F-FDG
PET/MRI and contrast-enhanced thoraco-abdominal computed tomography after written
informed consent form was obtained. A total of 80 women (mean age: 52.9±11.9, range: 29–79
years) with newly diagnosed breast cancer were enrolled in this prospective study between
August 2017 and October 2019. Following inclusion criteria had to be fulfilled: (1) newly diag-
nosed, treatment-naive T2-tumor or higher T-stage or (2) newly diagnosed, treatment-naive
triple-negative tumor of every size or (3) newly diagnosed, treatment-naive tumor with molec-
ular high risk (T1c, Ki67>14%, HER2neu over-expression, G3). Exclusion criteria were for-
mer malignancies in the last 5 years, contraindications to MRI or MRI contrast agents and
pregnancy or breast-feeding.

CT

Thoraco-abdominal multi-slice contrast-enhanced CT were performed in two different CT
scanners (Definition Edge and Definition Flash, Siemens Healthineers). The examination was
performed in supine position with the arms above the head. Automated tube current modula-
tion and automated tube voltage selection (CareDose 4D and CareKV, Siemens Healthineers)
were applied in all examinations. All CT were acquired after intravenous administration of
body-weight adapted non-ionic contrast agent with a time delay commonly used in portal
venous phase imaging.

PET/MRI

All 18F-FDG PET/MRI examinations were performed on an integrated 3.0-Tesla PET/MRI
scanner (Magnetom Biograph mMR, Siemens Healthcare GmbH, Germany) with a mean
delay of 67±16 min after 18F-FDG injection. Blood samples of all patients were obtained prior
to injection of a body-weight adapted dosage of 18F-FDG (4 MBq/kg, mean activity 255±45
MBq) to ensure blood glucose levels below 150 mg/dl.

The field of view (FOV) contained the body volume from head to the mid-thigh using a
dedicated 16-channel head-and-neck radiofrequency (RF) coil, a 24-channel spine-array RF
coil and up to five 6-channel flex body coils. The examination was performed in supine posi-
tion with head first and arms next to the body. PET acquisition time was 3 minutes per bed
position in four or five positions (axial FOV: 25.8 cm, matrix size 344 x 344) and the PET
images were performed concurrently with the MRI. The iterative algorithm OSEM (ordered-
subset expectation maximization) was utilized for reconstruction of PET images with 3 itera-
tions and 21 subsets and a Gaussian filter with 4-mm full width at half maximum.

For MR-based attenuation correction a coronal 3D-Dixon-VIBE sequence (repetition time
(TR) 3.6 ms, echo time 1 (TE1) 1.23 ms, TE2 2.46 ms, slice thickness 3.12 mm, FOV 500 × 328
mm, matrix size 192 ×121) was acquired to create a four-compartment model attenuation map
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(μ-map), calculated from fat-only and water-only data sets. Subsequently, the following MRI
sequences were performed:

1. A transverse T2-weighted (T2w) fat-suppressed half Fourier acquisition single shot turbo
spin echo (HASTE) sequence in respiratory medium position and a slice thickness of 7
mm.

2. A transverse diffusion-weighted echo-planar imaging (EPI DWI) sequence (b values 0, 500,
1000) in respiratory medium position with a slice thickness of 5 mm.

3. A transversal T1-weighted (T1w) fat saturated post-contrast Volume-Interpolated Breath-
hold Examination (VIBE) sequence after intravenous injection of a gadolinium-based con-
trast agent (0.2 mmol/kg body weight, Dotarem, Guerbet GmbH, Germany) with a slice
thickness of 3 mm.

Image analysis

All images were interpreted by two experienced radiologists in hybrid imaging in consensus
and in random order with a reading gap of at least 4 weeks to avoid recognition bias. CT and
18F-FDG PET/MRI images were read in separate sessions. A picture archiving and communi-
cation system (Centricity; General Electric Medical Systems, Milwaukee, WI, USA) and a dedi-
cated OsiriX workstation (Pixmeo, SARL, Bernex, Switzerland) were used for image analysis.
Lesion count, lesion localization, lesion characterization (benign or malignant) and size as well
as the diagnostic confidence of every lesion were assessed (5-point ordinal scale, 1 = very low
confidence, 2 = low confidence, 3 = indeterminate confidence, 4 = high confidence, 5 = very
high confidence). The malignancy criteria for evaluating the lymph nodes were established
based on previous studies, comprising both morphological and metabolic criteria. Following
criteria were applied to determine suspicious lymph nodes: a short-axis diameter>10 mm,
increased contrast enhancement, spherical configuration, irregular shape, diffusion restriction
and focally increased FDG-uptake. At least two of these criteria had to be fulfilled to rate a
lymph node as malignant [19, 20]. Criteria for distant metastases were a local invasive growth,
central necrosis, contrast enhancement and a typically malignant MR signal like diffusion
restriction. In addition, on 18F-FDG PET/MRI a visually detectable focal FDG-uptake above
background signal was considered as a sign of malignancy. The maximum standardized uptake
value (SUVmax) and the maximum diameter were measured in all suspected lesions.

Reference standard

Due to clinical and ethical standards a histological confirmation of all detected malignant
lesions was not applicable and a surrogate reference standard was applied taking into account
all follow-up imaging. 148 out of 236 lesions were confirmed histopathologically. 55 lesions
were followed-up by CT and 25 lesions by MRI (4±3 months). The remaining 8 lesions were
followed-up with sonography and clinical examination, consisting of five benign axillary
lymph nodes, two liver cysts and one liver haemangioma.

Statistical analysis

SPSS Statistics 22 was used for data analysis (IBM Inc., Armonk, NY, USA). All data are pre-
sented as mean±standard deviation. Data were analyzed on a per-patient and a per-lesions
basis, calculating sensitivity, specificity, positive and negative predictive values. To investigate
statistically significant differences between CT and 18F-FDG PET/MRI the McNemar chi2 test
was performed. AWilcoxon test was used to assess differences between CT and 18F-FDG PET/
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MRI regarding the diagnostic confidence. A p-value of less than 0.05 designated a statistical
significance.

Results

Patient-based analysis

Lymph nodes. CT and 18F-FDG PET/MRI were concordant for N and M stage in 56 of 80
patients (70%). CT determined the exact N stage correctly in 59/80 (73.75%, 95% CI:63.2–
82.1) of the patients (Table 1). The distinction between nodal-positive and nodal-negative
patients was rated correctly in 64 of 80 (80%, CI:70.0–87.3) patients by CT. This results in a
sensitivity of 61.5% (CI:45.9–75.1), a specificity of 97.6% (CI: 87.4–99.6), a PPV of 96% (CI:
80.5–99.3) and a NPV of 72.7% (CI: 59.8–82.7) (Table 2). In comparison to this the exact N
stage was determined correctly by 18F-FDG PET/MRI in 70/80 (87.5%, CI: 78.5–93.1) of the
patients. PET/MRI yielded a correct classification in nodal-positive and nodal-negative
patients in 71/80 (88.75%, CI: 80.0–94.0) of the cases. This results in a sensitivity of 82.1% (CI:
67.3–91.0), a specificity of 95.1% (CI: 83.9–98.7), a PPV of 94.1% (CI: 80.9–98.4) and a NPV of
84.8% (CI: 71.8–92.4). In total, 39 of the patients (48.75%) had a nodal-positive status. 15/39
(38.5%, CI: 24.9–54.1) nodal-positive patients were missed by CT, while 18F-FDG PET/MRI
missed 7/39 (17.5%, CI: 9.0–32.7) patients. In detail, all missed lymph nodes were stage N1 in

Table 1. N andM staging on a patient-based analysis.

CT PET/MRI Standard of reference

N stage

0 40 39 41

1 15 24 32

2 0 1 1

3 4 6 6

Total correct N ratings 59 (73.75%) 70 (87.5%) 80 (100%)

M Stage

0 70 73 73

1 4 7 7

Total correct M ratings 74 (92.5%) 80 (100%) 80 (100%)

Distribution of N and M staging for CT alone and 18F-FDG PET/MRI and comparison to the reference standard.

https://doi.org/10.1371/journal.pone.0260804.t001

Table 2. Diagnostic performance of CT and PET/MRI on a patient-based analysis.

Locoregional metastases Distant metastases

CT PET/MRI CT PET/MRI

True positive (n) 24 32 3 7

True negative (n) 40 39 71 73

False positive (n) 1 2 3 0

False negative (n) 15 7 3 0

Sensitivity (%) 61.5 82.1 57.1 100

Specificity (%) 97.6 95.1 95.9 100

Positive predictive value (%) 96.0 94.1 57.1 100

Negative predictive value (%) 72.7 84.8 95.9 100

Accuracy (%) 80 88.75 57.1 100

https://doi.org/10.1371/journal.pone.0260804.t002
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both modalities. However, CT underrated two patients with N3 stage according to the refer-
ence standard as N1, while PET/MRI was able to detect all of the six patients with N3 stage.
Practically, this led to a change of therapy in two patients with expansion of the radiation field
after surgery (Fig 1). The McNemars chi2 test yielded a significant difference in favor of
18F-FDG PET/MRI over CT for determining nodal-positive patients (test statistic = 13.7,
p = 0.008) with a corresponding difference in sensitivities of 20.6% (CI: -0.02-40-9). The corre-
sponding difference in specificities did not reach statistical significance (difference 2.4%, CI:
-0.06–12.6; test statistic = 0.05, p = 1.0).

Distant metastases. According to the reference standard distant metastases were detected
in 7/80 (8.75%) patients. By CT the M stage was defined correctly in 74 of 80 patients (92.5%,
CI: 84.6–96.5). In 3 patients, all with bone metastases, CT showed false-negative results (miss-
ing 42.9% of the patients with distant metastases). In 2 of these patients the osseous lesions
were not visible and in one patient the visible lesions were misinterpreted as simple sclerosis
(Fig 2). Furthermore, there were false-positive ratings in 3 patients (4.1%, CI: 1.4–11.4) due to
misinterpreted bone degeneration (checked by histopathology), non-specific indurations
(checked by CT after 3 month) and several liver hemangiomas (checked by liver-specific
MRI). This results in a sensitivity of 57.1% (CI: 25.0–84.2), a specificity of 95.9% (CI: 88.6–
98.6), a PPV 57.1% (CI: 25.0–84.2) and a NPV of 95.9% (CI: 88.6–98.6) for the detection of dis-
tant metastasis. In comparison to that, 18F-FDG PET/MRI was able to detect all malignant
lesions without any false-positive findings.

Lesion-based analysis

A total of 236 lesions were included in the final evaluation, comprising 126 (53.4%) malignant
and 110 (46.6%) benign lesions. Table 3 shows the localizations of all malignant lesions, con-
sisting of 90 lymph node metastases and 36 distant metastases. CT detected 192 of 236 lesions
(94.5% vs. 81.4%, difference 13.1%, CI: 7.3–18.8), while 18F-FDG PET/MRI detected 223 of the
236 lesions.

CT failed to detect 36 malignant lesions, comprising 19 bone metastases, 2 liver metastases
and 1 hilar lymph node metastases as well as 14 locoregional lymph node metastases in axillary

Fig 1. Determination of the lymph node stage in CT (A) and 18F-FDG PET/MRI (B).

https://doi.org/10.1371/journal.pone.0260804.g001
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(5), mammarian (4), subpectoral (2) and clavicular (3) position (Figs 3 and 4). Furthermore,
CT had 27 false-negative ratings, including 23 lymph nodes, which were morphologically
unsuspicious and 4 bone metastases, which were evaluated as unspecific sclerosis (Fig 2).
There were 12 false-positive findings in CT: 3 bone subsidences, 3 lung indurations, 3 liver

Fig 2. A 45-year old woman with diagnosis of primary breast cancer.No distant metastases were detected in the CT scan (a). The subsequently
performed 18F-FDG PET/MRI shows a bone metastasis in the left iliac bone with contrast enhancement on T1w fs VIBE (c) and pathological FDG
uptake on PET (d) and fused 18F-FDG PET/MRI (b).

https://doi.org/10.1371/journal.pone.0260804.g002

Table 3. Location of all 126 malignant lesions according to the standard of reference.

Location Number (n) Percentage (%)

Distant Bone metastases 27 21.4

Lung metastases 4 3.2

Liver metastases 4 3.2

Hilar lymph node 1 0.8

Locoregional Lymph node metastases 90 71.4

Axillary 77

Clavicular 7

Subpectoral 2

Internal mammarian artery 4

Total 126 100

https://doi.org/10.1371/journal.pone.0260804.t003
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haemangiomas as well as a swelling in the contralateral breast and a single axillary and mam-
marian lymph node were rated as malignant. All these lesions turned out to be benign in histo-
pathology and follow-up examination. All in all CT correctly rated 63/126 of the malignant
lesions, resulting in a sensitivity of 50% (CI: 41.4–58.6), a specificity of 88.2% (CI: 80.6–93.1), a
PPV of 84% (CI: 74.1–90.6) and a NPV of 76.9% (CI: 68.5–83.6) (Table 4). In contrast to that
18F-FDG PET/MRI did not miss any of the 126 malignant lesions. 18F-FDG PET/MRI cor-
rectly rated 115/126 of the malignant lesions, resulting in a sensitivity of 91.3% (CI: 85.0–95.1),
a specificity of 97.9% (CI: 92.8–99.4), a PPV of 98.3% (CI: 94.0–99.5), and a NPV of 89.6% (CI:
82.4–94.1) (Table 4). False-negative ratings were due to axillary lymph nodes with small lesion
size and weak FDG-uptake. There were two false-positive findings in 18F-FDG PET/MRI,
because two axillary lymph nodes demonstrated an increased suspicious FDG-uptake. There
was a significant difference for correct rating of lesions as malignant between CT and 18F-FDG
PET/MRI (63 vs. 115 out of 126 lesions, 50% vs. 91.3%, difference 41.3%, CI: 30.7–50.6; test
statistic = 12.1, p<0.0001). The exact division between locoregional lymph node metastases
and distant metastases can be seen in Table 4.

Diagnostic confidence

The diagnostic confidence for distinguishing between benign and malignant lesions was
significantly higher in 18F-FDG PET/MRI than in CT (3.9±0.7 vs. 3.2±0.7, p<0.0001). Com-
paring the diagnostic confidence regarding malignant lesions only, containing distant and

Fig 3. A 48-year old woman with diagnosis of primary breast cancer.Morphologically unsuspicious right axillary lymph node rated as not malignant
in the CT scan (a). The 18F-FDG PET/MRI shows a slight FDG uptake (b-d), indicating malignancy. Histopathology proved a tumor infestation.

https://doi.org/10.1371/journal.pone.0260804.g003
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locoregional metastatic lesions, differences between the two modalities were even higher (4.1
±0.7 vs. 3.3±0.7, p<0.0001).

Discussion

The present study shows the superiority of 18F-FDG PET/MRI for the primary N and M stag-
ing of breast cancer patients compared to ce-CT. Due to an increasing attention to reach accu-
rate staging prior to therapy, the diagnostic algorithm of breast cancer has changed in recent
times. The basic staging with chest x-ray and abdominal sonography has been replaced by
thoraco-abdominal CT and bone scintigraphy [2, 4]. Therefore, the current international
guidelines recommend a generalized thoraco-abdominal staging with CT and scintigraphy in

Fig 4. A 72-year old woman with diagnosis of primary breast cancer and lymph node metastases. The reading radiologist did not detect the
morphologically inconspicuous left clavicular lymph node in CT scan (a). In 18F-FDG PET/MRI a clear FDG uptake is visible (b-d).
Histopathology confirmed malignancy.

https://doi.org/10.1371/journal.pone.0260804.g004

Table 4. Diagnostic performance of CT and PET/MRI on a lesion-based analysis.

All lesions Locoregional metastases Distant metastases

126/236 90/147 36/89

CT PET/MRI CT PET/MRI CT PET/MRI

True positive (n) 63 115 53 79 10 36

True negative (n) 90 95 49 54 41 41

False positive (n) 12 2 2 2 10 0

False negative (n) 27 11 23 11 4 0

Missed benign (n) 8 13 6 1 2 12

Missed malignant (n) 36 0 14 0 22 0

Sensitivity (%) 50 91.3 69.7 87.8 27.8 100

Specificity (%) 88.2 97.9 96.1 96.4 80.4 100

PPV (%) 84 98.3 96.4 97.5 50 100

NPV (%) 76.9 89.6 68.1 83.1 91.1 100

Accuracy (%) 64.8 89 69.4 90.5 57.3 86.5

https://doi.org/10.1371/journal.pone.0260804.t004
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patients with advanced breast cancer (UICC III/IV) and patients with additional risk factors,
since the likelihood of distant metastases is increased with positive lymph node findings and
an aggressive tumor biology [5, 21, 22]. This amendment to international guidelines [5, 21] is
not based on studies designed specifically for this purpose, but was determined with an expert
consensus based on the sensitivities and specificities for lesion detection of each modality. The
aim is to improve the detection of distant metastases, since the presence of metastases leads to
a completely different therapy regime.

CT is the simplest and most cost-effective alternative for a thoraco-abdominal staging, but
in accordance with the current state of science, the sentinel lymph node biopsy and histological
work-up is still the clinical standard of choice for determining a lymph node involvement and
prove distant metastases. Patients confirmed as nodal-positive are surgically treated undergo-
ing an axillary lymph node dissection (ALND) in a further intervention. A preselection of
which patients receive a sentinel lymph node biopsy is currently carried out by clinical exami-
nation, sonography, conventional mammography and breast MRI. However, these methods
are far from serving as a real alternative to biopsy. So the sentinel lymph node biopsy is very
generously performed in patients with the slightest suspicion of a lymph node involvement
[23–26].

Hybrid imaging modalities have proven to be advantageous in cancer staging in compari-
son to conventional imaging techniques [27–29], but these also cannot compete with the
biopsy according to the current state of research [26]. However, a better preselection of nodal-
positive patients may result in fewer surgeries, avoiding prior lymph node biopsy before
ALND. Nevertheless, a general recommendation for the use of hybrid imaging modalities is
not given, based on the 2015 and the 2018 European Society For Medical Oncology (ESMO)
and the 2018 National Comprehensive Cancer Network (NCCN) guidelines. However, a sys-
temic staging with 18F-FDG PET/CT is considered for patients with inconclusive results in
conventional imaging and in high risk patients [4–6].

With regard to the correct determination of the N stage, there were huge differences
between CT and 18F-FDG PET/MRI visible in this study in favor of the 18F-FDG PET/MRI.
18F-FDG PET/MRI showed a significantly higher sensitivity on a patient-based and a lesion-
based analysis and thus demonstrated a higher accuracy of detecting the N stage. In addition,
especially the undervaluation of lymph node stage in CT had a direct impact on treatment in
two patients, since radiation field had to be expanded after 18F-FDG PET/MRI was done.

Although, CT represents the standard in primary breast cancer staging according to the
guidelines, this is the first study comparing the diagnostic potential with 18F-FDG PET/MRI.
However, many studies have already compared 18F-FDG PET/CT with conventional imaging
techniques. In terms of locoregional lymph node involvement, many authors describe a clear
added benefit of 18F-FDG PET/CT. Bitencourt et al. emphasize a significant superiority of
18F-FDG PET/CT in comparison to conventional imaging especially in providing information
on extra-axillary and not enlarged lymph nodes [27, 30–32]. These statements are in line with
the results of our study, in which the CT failed to detect 4 not enlarged axillary lymph node
metastases and 12 lymph node metastases in mammarian, subpectoral and subclavian position
(Fig 4). Mahner et al. [33] also described a clear advantage of hybrid imaging, indicating the
sensitivity of CT for the determination of axillary, supraclavicular and mediastinal lymph
nodes with 53%, 40% and 31%, compared to PET with 86%, 84% and 96%. In accordance with
our results, these studies show that the number of biopsies can be reduced in the future by con-
siderably improving the sensitivity in the detection of lymph node metastases, even if biopsy
still remains the gold standard. The more accurate assessment of N stage can ultimately also
directly influence therapy, for example in the adaption of the radiation field.
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In the assessment of the M stage, our study determined a clear superiority of 18F-FDG
PET/MRI in comparison to CT. While the CT missed metastasis in 3 patients and also pro-
vided false-positive findings in 3 other patients, the 18F-FDG PET/MRI was able to detect all
of the seven patients with distant metastases without any false-positive findings. These
results are consistent with the results from earlier studies. For example, Hildebrandt et al.
compared the diagnostic value of 18F-FDG PET/CT, contrast-enhanced CT and bone scin-
tigraphy in 100 women with suspected recurrence of breast cancer. The study suggests that
PET/CT has a greater accuracy than conventional imaging techniques in this patient group
[29, 34]. These results are also supported by a study of Gajjala et al., rating PET/CT as more
accurate than conventional imaging techniques for staging locally advanced breast cancer in
a cohort of 61 patients. A direct comparison of 18F-FDG PET/MRI and CT in recurrent
breast cancer is also provided by the study of Sawicki et al. [7]. In this study with 21 patients
with suspected breast cancer recurrence 18F-FDG PET/MRI offered the highest diagnostic
performance and outperformed both CT and PET/CT. Especially the CT alone scored
poorly in this study, missing about 30% of malignant lesions (PET/CT: 3.4%; PET/MRI:
0%). On the other hand, there are also studies that have not explored any advantage of
hybrid imaging in primary breast cancer patients. In the study of Monzawa et al. with 50
patients suffering from invasive breast cancer no superiority in diagnostic performance of
18F-FDG PET/CT in comparison to ultrasonography and contrast- enhanced CT could be
determined [35]. Furthermore, it has been confirmed by a whole series of studies that
18F-FDG PET/MRI is superior to 18F-FDG PET/CT in the detection of breast cancer metas-
tases [20, 36, 37]. Only in the overall detection and characterization of lung lesions 18F-FDG
PET/MRI gives worse results so far, caused by the limited ability of MRI to detect small lung
lesions [38, 39]. However, a superiority of CT over 18F-FDG PET/MRI in terms of detection
of pulmonary lesions could not be determined in our study. Summarizing, with regard to
distant metastases, the performance of PET/MRI can thus have a fundamental influence
on the therapy regime for some patients and has to be considered as a helpful diagnostic
tool, due to the high sensitivity in distant lesion detection. Taking into account the results
of former studies, however, a histological confirmation is still necessary to ensure tumor
infestation.

In addition to the direct detection of suspicious lesions, the diagnostic or interpretation
confidence of the modalities, with which a lesion can be classified as benign or malignant, is of
great interest. This study confirms, that 18F-FDG PET/MRI has a great advantage in compari-
son to CT in the definitive assessment of a suspicious lesion, facilitating the final diagnosis for
the reading radiologist. This advantage is primarily due to the glucose uptake of tumorous
lesions, which can thus be assessed as malignant and therefore reduce the uncertainty of the
radiologist in comparison to conventional imaging techniques [40].

An additional benefit of using PET/MRI is a potential reduction of ionizing radiation,
when compared to CT or even PET/CT. This is particularly relevant in the primary staging of
breast cancer, since the tumor tends to occur more often in younger patients compared to
other cancer entities [41, 42]. In addition, with PET/MRI an imaging of the head is directly
acquired. In our study, however, this did not result in any advantage since no relevant findings
were discovered.

This study has some limitations. In conformity with previous studies, a modified reference
standard had to be applied, based on follow-up imaging for lesions without a histological sam-
pling, since management of advanced tumor stages does not necessarily require a histological
sampling of all detected malignant lesions [7, 11, 43].
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Conclusion

In conclusion, the present study shows that 18F-FDG PET/MRI has a high diagnostic potential
and outperforms CT in assessing the N and M stage in patients with primary breast cancer.
Despite the advantages of CT such as availability, costs or acquisition speed, this study together
with present data should provide cause of discussion, regarding the current recommendations
for primary staging in breast cancer guidelines.
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Abstract
Objectives To compare the diagnostic performance of [18F]FDG PET/MRI, MRI, CT, and bone scintigraphy for the detection of
bone metastases in the initial staging of primary breast cancer patients.
Material and methods A cohort of 154 therapy-naive patients with newly diagnosed, histopathologically proven breast cancer
was enrolled in this study prospectively. All patients underwent a whole-body [18F]FDG PET/MRI, computed tomography (CT)
scan, and a bone scintigraphy prior to therapy. All datasets were evaluated regarding the presence of bone metastases. McNemar
χ2 test was performed to compare sensitivity and specificity between the modalities.
Results Forty-one bone metastases were present in 7/154 patients (4.5%). Both [18F]FDG PET/MRI and MRI alone were able to
detect all of the patients with histopathologically proven bone metastases (sensitivity 100%; specificity 100%) and did not miss
any of the 41 malignant lesions (sensitivity 100%). CT detected 5/7 patients (sensitivity 71.4%; specificity 98.6%) and 23/41
lesions (sensitivity 56.1%). Bone scintigraphy detected only 2/7 patients (sensitivity 28.6%) and 15/41 lesions (sensitivity
36.6%). Furthermore, CT and scintigraphy led to false-positive findings of bone metastases in 2 patients and in 1 patient,
respectively. The sensitivity of PET/MRI and MRI alone was significantly better compared with CT (p < 0.01, difference
43.9%) and bone scintigraphy (p < 0.01, difference 63.4%).
Conclusion [18F]FDG PET/MRI and MRI are significantly better than CT or bone scintigraphy for the detection of bone
metastases in patients with newly diagnosed breast cancer. Both CT and bone scintigraphy show a substantially limited sensi-
tivity in detection of bone metastases.
Key Points
• [18F]FDGPET/MRI andMRI alone are significantly superior to CT and bone scintigraphy for the detection of bone metastases
in patients with newly diagnosed breast cancer.

• Radiation-free whole-body MRI might serve as modality of choice in detection of bone metastases in breast cancer patients.

Nils Martin Bruckmann and Julian Kirchner contributed equally to this
work.

* Nils Martin Bruckmann
nils-m.bruckmann@web.de

1 Department of Diagnostic and Interventional Radiology, Medical
Faculty, University Dusseldorf, Moorenstrasse 5,
D-40225 Dusseldorf, Germany

2 Department of Diagnostic and Interventional Radiology and
Neuroradiology, University Hospital Essen, University of
Duisburg-Essen, D-45147 Essen, Germany

3 Department of Nuclear Medicine, University Hospital Essen,
University of Duisburg-Essen, D-45147 Essen, Germany

4 Department Gynecology and Obstetrics, University Hospital Essen,
University of Duisburg-Essen, D-45147 Essen, Germany

5 Department of Gynecology, Medical Faculty, University Dusseldorf,
D-40225 Dusseldorf, Germany

6 Department of Nuclear Medicine, Medical Faculty, University
Dusseldorf, 40225 Dusseldorf, Germany

7 Institute of Pathology, University Duisburg-Essen and the German
Cancer Consortium (DKTK), University Hospital Essen, West
German Cancer Center, Essen, Germany

8 Institute of Medical Informatics, Biometry and Epidemiology,
University Hospital of Essen, Essen, Germany

https://doi.org/10.1007/s00330-021-07956-0

/ Published online: 28 April 2021

European Radiology (2021) 31:8714–8724

1 3



Keywords Multimodal imaging .Positronemission tomography .Tomography,X-ray .Radionuclide imaging .Breastneoplasms

Abbreviations
AC Attenuation correction
ADC Apparent diffusion coefficient
CI Confidence interval
CT Computed tomography
DWI Diffusion-weighted imaging
EPI Echo-planar imaging
ESMO European Society For Medical Oncology
FDG Fluorodeoxyglucose
FOV Field of view
FWHM Full-width at half maximum
HASTE Half Fourier acquisition single shot turbo spin echo
HDP Hydroxydiphosphonate
HER2 Human epidermal growth factor receptor 2
MRI Magnetic resonance imaging
OSEM Ordered-subset expectation maximization
PET Positron emission tomography
RF Radiofrequency
VIBE Volume interpolated breath-hold examination
WHO World Health Organization

Introduction

Breast cancer is by far the most common solid neoplasm in
women worldwide and with 15% the leading cause of tumor-
related deaths in women every year [1]. Once the diagnosis is
confirmed, the prognosis of disease depends largely on the
stage of its spread and choice of an adequate therapy.
Additionally to the assessment of the extent of the primary
tumor in the breast and locoregional lymph node involvement,
the detection of distant metastases is crucial, since this can
result in an extension of the irradiation field or an adjustment
of chemotherapy and eventually in a change to a palliative
therapy concept [2]. Therefore, imaging-based whole-body
staging plays a pivotal role in the primary diagnostics of breast
cancer patients with a high risk for the presence of distant
metastases.

Despite the advances in the treatment of breast cancer, up
to 30% of patients still develop distant metastases over the
course of the disease [3]. Herein, the skeleton is the most
frequent site of distant metastases in breast cancer patients,
accounting for 50–70% of all metastases [3–7]. The affection
of the bone can cause various complications such as pain,
pathological fractures, spinal cord compression, and hypercal-
cemia, which often have a major impact on patients’ morbid-
ity and mortality [8–10]. Early detection can help to better
control the disease, minimize complications, and, as a result,
achieve a better quality of life [9].

As the initial staging has become increasingly important in
recent years, the diagnostic algorithm was adapted and a
thoraco-abdominal CT as well as bone scintigraphy was im-
plemented [11]. If available, a PET/CT examination can also
be used in primary staging, but has been rarely applied so far
due to its low availability and higher costs. Therefore, bone
scintigraphy in combination with CT are widely considered to
be the gold standard for the detection of bone metastases, and
are also recommended as the methods of choice in current
guidelines [12–14]. However, previous studies have sug-
gested that MRI provides advantages in the detection of bone
lesions when compared to bone scan and might top CT as
most beneficial whole-body staging examination [9, 15].
Accordingly,MRI has been discussed as an alternative staging
tool for breast cancer patients and has already been added as a
method of choice in patients with neurological symptoms and
signs which suggest the possibility of spinal cord compression
in the latest 2018 and 2020 European Society For Medical
Oncology (ESMO) guidelines [12, 14], but is rarely used in
everyday clinical routine [16].

The application of hybrid imaging techniques has proven
to be of additional benefit in this context [17–20]. However,
the impact of a [18F]FDG PET/MRI examination for the de-
tection of bone metastases in primary breast cancer patients
has been scarcely investigated so far [21–23], and to the best
of our knowledge, there is only a small cohort study investi-
gating its role in comparison to conventional imaging for the
detection of bone metastases in the initial staging of breast
cancer [23].

Thus, the purpose of this study was to investigate and com-
pare the diagnostic value of [18F]FDG PET/MRI, MRI alone,
CT, and bone scintigraphy for the detection of bone metasta-
ses in the initial staging of primary breast cancer patients.

Material and methods

Patients

This prospective study was approved by the institutional re-
view board of the University of Duisburg-Essen (study num-
ber 17-7396-BO) and Düsseldorf (study number 6040R) and
performed in conformance with the Declaration of Helsinki
and its later amendments. Written informed consent form was
obtained from all patients. The present study is a sub-analysis
of a prospective, super-ordinate, main study (BU3075/2-1),
and the research question of the present sub-analysis is mark-
edly different from the main study. Inclusion criteria were
defined as follows: (1) newly diagnosed, treatment-naive T2
tumor or higher T-stage, or (2) newly diagnosed, treatment-
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naive triple-negative tumor of every size, or (3) newly diag-
nosed, treatment-naive tumor with molecular high risk (T1c,
Ki67 > 14%, HER2-new over-expression, G3). Exclusion
criteria were contraindications toMRI orMRI contrast agents,
missing imaging of a modality, pregnancy or breast-feeding,
and former malignancies in the last 5 years. Inclusion criteria
were chosen according to clinical ESMO guidelines to set
elevated pre-test probability for distant metastases [12, 14].
Between March 2018 and March 2020, a total of 177 consec-
utive breast cancer patients underwent a [18F]FDG PET/MRI
whole-body examination prior to therapy. Twenty-three pa-
tients had to be excluded from this study, because a compara-
ble CT examination was missing in 7 patients and a bone

scintigraphy in 17 patients, mainly due to patients not attend-
ing the examination appointment or the examination was per-
formed in other medical institutions and were not available for
evaluation. This resulted in a study cohort of 154 women
(mean age 53.8 ± 11.9, range 30–82 years) (Fig. 1, Table 1).

PET/MRI

All patients underwent a [18F]FDG PET/MRI examination on
an integrated 3.0-Tesla Biograph mMR scanner (Siemens
Healthineers) with a mean delay of 64 ± 17 min after
[18F]FDG application. Prior to intravenous injection of a body
weight–adapted dosage of [18F]FDG (4MBq/kg body weight,
mean activity: 254.4 ± 43.6 MBq), blood samples were ob-
tained to ensure blood glucose levels below 150 mg/dl. All
patients received a whole-body [18F]FDG PET/MRI from
head to the mid-thigh in headfirst supine position.

PET images were obtained simultaneously with the MRI
data with an acquisition time of 3 min per bed position in four
or five positions (axial FOV: 25.8 cm; matrix size: 344 × 344;
pixel size 2.09 × 2.09 mm). An iterative 3D ordinary Poisson
ordered-subset expectation maximization (3D OP-OSEM) al-
gorithm was conducted for reconstruction of PET images uti-
lizing 3 iterations and 21 subsets, a Gaussian filter FWHM
4.0 mm, and a scatter correction. Depending on the patient’s
height, up to 6-channel flex body coils, a dedicated 16-
channel head-and-neck radiofrequency (RF) coil, and a 24-
channel spine array RF coil were applied for MR imaging.

For tissue attenuation correction (AC) and scatter correc-
tion, a two-point (fat, water) transaxial acquired high-
resolution CAIPIRINHA (CAIPI)-accelerated T1-weighted
three-dimensional (3D) Dixon-VIBE (volume interpolated
breath hold examination) sequence was acquired to generate
a coronal four-compartment model attenuation map (umap,
background air, lungs, fat, muscle). In addition, a bone atlas
correction and a truncation correction as proposed by
Blumhagen et al [24] was applied. Please see Table 2 for
MRI protocol parameters. The PET/MRI scanner used was
not time-of-flight (TOF) capable.

Computed tomography

Two CT scanners (Definition Edge and Definition Flash,
Siemens Healthineers) were used for thoraco-abdominal
multi-slice contrast-enhanced CT using automated tube cur-
rent modulation and tube voltage selection (CareDose 4D and
CareKV, Siemens Heathineers). CTs were acquired in portal
venous phase after intravenous application of a body weight–
adapted dosage of non-ionic contrast agent (Table 2). The
arms of the patients were placed upwards. Accordingly, only
parts of the limbs that were pictured in the FOV of all modal-
ities were included in the evaluation.

Table 1 Histopathological data

N

Total patients 154

Menopause status Pre 63

Peri 11

Post 80

Family risk profile Positive 42

Negative 112

BRCA-1 Positive 4

Negative 25

Unknown 125

BRCA-2 Positive 2

Negative 26

Unknown 126

Ki 67 Positive (> 14%) 141

Negative (< 14%) 13

PR status Positive 107

Negative 47

ER status Positive 115

Negative 39

HER2-neu expression 0 55

1+ 50

2+ 23

3+ 26

Subtype Luminal A 7

Luminal B 116

HER2-enriched 3

Basal-like 28

Tumor grade G1 6

G2 82

G3 66

Histology Ductal invasive/NST 136

Lobular invasive 13

Mucinous invasive 1

Mixed type 1
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Bone scintigraphy

Bone scintigraphy was performed according to a clinical routine
protocolwith planarwhole-body scans using a dual-headed gam-
ma camera equipped with low-energy high-resolution collimator
(Symbia S, Siemens Healthineers). Three hours after intravenous
injection of an average amount of 700 MBq of [99mTc]-labeled
polyphosphonate (HDP), anterior and posterior view scans were
acquired with an acquisition time of 20 to 35 min. In all cases of
uncertain radionuclide accumulations on bone scan, additional
target images were taken or SPECT/CT images were acquired.

Image analysis

In each patient, all examinations were performed over a 3-
week period and prior to any oncologic therapy. The CT and

PET/MRI datasets were analyzed separately and in random
order by two radiologists experienced in hybrid and conven-
tional imaging with a reading gap of 4 weeks to avoid recog-
nition bias. Additionally, PET/MRI datasets and bone scintig-
raphy were also examined by a nuclear medicine physician.
Discrepant findings were resolved by consensus decision-
making in a separate session between the readers. For the
evaluation of the MRI, images were separated from PET
datasets. A picture archiving and communication system
(Centricity; General Electric Medical Systems) and a dedicat-
ed image processing software OsiriX (Version 9.0.2, Pixmeo
SARL) were used for image analysis. The readers were aware
of the diagnosis but blinded to results of prior imaging.

The following criteria were applied to determine the pres-
ence of a bone metastasis in CT: a focal cortical destruction or
increase of bone density, a focal bone expansion, periosteal

Fig. 1 Flow-chart showing process of inclusion and patient-based specificity and sensitivity of each modality. of non-fulfilment of inclusion criteria are
described in the text

Table 2 Sequence parameters for the diagnostic MR-sequences and CT in staging of primary breast cancer patients

CT Region Contrast
agent

Orientation mAs kV Speed (s per
rotation)

Silence thickness
(mm)

FOV
(mm)

Attenuation
correction

Whole-body No Axial 80 120 0.75 4.0 600

Diagnostic
CT

Thoraco-abdominal Yes Axial 210 120 0.75 4.0 350×459

MR sequence Region Contrast
agent

Orientation TR
(ms)

TE
(ms)

Matrix size Slice thickness
(mm)

FOV
(mm)

EPI-DWI Whole-body No Axial 11,900 86 192×144 5.0 380×285

T2w HASTE Whole-body No Axial 1500 117 320×259 7.0 450×366

T1w fs VIBE Whole-body Yes Axial 4.08 1.51 512×307 3.5 400×300
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reaction, pathological fractures, and contrast enhancement. In
MRI signal intensity typical of metastasis in conventional
MRI sequences, pathological contrast enhancement, diffusion
restriction, pathological fractures, and bone edema were signs
of malignancy. In [18F]FDG PET/MRI and on bone scan, a
visually detectable focal uptake above background signal was
considered a sign of malignancy. Besides lesion count, local-
ization, and characterization (benign or malignant), the diag-
nostic confidence of every lesion in terms of its characteriza-
tion as benign or malignant (5-point ordinal scale, 1 = very
low confidence, 2 = low confidence, 3 = indeterminate confi-
dence, 4 = high confidence, 5 = very high confidence) was
assessed with each modality. The body volumes examined
were chosen identically for each modality and covered the
body from the thorax to mid-thighs.

Reference standard

In all 154 women, diagnosis of primary breast cancer was
confirmed histopathologically. Furthermore, in all patients
with suspected osseous metastasis in any of the imaging mo-
dalities, at least one osseous lesion was histologically sam-
pled. Due to clinical and ethical standards, a histological con-
firmation of some malignant lesions was not available, and a
surrogate reference standard was applied taking into account
all follow-up imaging. In all patients with suspected metasta-
ses, CT or MRI was performed as follow-up examination
(mean delay 3.8 ± 1.3 month). In total, follow-up examina-
tions were performed in 60 women, comprising 33 thoraco-
abdominal CT, 22 whole-body MRI, and 5 patients receiving
both examinations (mean delay 7.4 ± 5.1 month). The remain-
ing patients, who did not undergo follow-up imaging, have
been showing no clinical signs of bone metastases. Any in-
crease of size or a decrease of size of suspicious lesions after
therapy or newly occurred cortical destruction were regarded
as signs of malignancy.

Statistical analysis

Statistical analysis was performed using SPSS 24™ (IBM).
Descriptive analysis was performed, and all data are presented
as mean ± standard deviation including confidence intervals
(CIs). To avoid statistical errors caused by clustered data
(i.e., multiple observations within the same patient), all data
were analyzed calculating sensitivity and specificity on a per-
patient and a per-lesion basis. In addition, CIs have been ad-
justed using a ratio estimator, as described by Gender et al
[25]. The lesion-based analysis was performed because
knowledge of the exact number and localization of metastases
can have large therapeutic impact, as solitary or
oligometastases can be treated selectively with radiotherapy
or surgery. For the comparison of sensitivity and specificity
between the modalities, a McNemar χ2 test was performed.

To assess the differences regarding the diagnostic confidence,
aWilcoxon signed rank test was applied. A p value < 0.05was
considered to indicate statistical significance.

Results

Patient-based analysis

According to the reference standard, bone metastases were
present in 7/154 patients of the study cohort (4.5%). Both
[18F]FDG PET/MRI and MRI alone were able to detect all
of these patients. No false-positive patients were described
by these two modalities. This resulted in a sensitivity of
100% (95% CI: 59.0–100.0) and a specificity of 100% (CI:
97.6–100.0). CT detected 5 of the 7 patients. In one patient
with a single osteolytic metastasis, this was not visible on CT
and in the other patient a small osteoblastic metastasis was
misinterpreted as bone marrow island. Moreover, CT revealed
false-positive findings in 2 non-metastasized patients,
misinterpreting degenerative or posttraumatic lesions as ma-
lignant. This resulted in a sensitivity of 71.4% (CI: 35.9–91.8)
and a specificity of 98.6% (CI: 95.2–99.6). Bone scintigraphy
identified 2 of the 7 patients with bone metastases and showed
a false-positive finding in a non-metastasized patient, resulting
in a sensitivity of 28.6% (CI: 8.2–64.1) and a specificity of
99.4% (CI: 96.4–99.9). The McNemar χ2 test yielded a not
significant difference in favor of [18F]FDG PET/MRI and
MRI in comparison to CT in detecting true-positive patients
(100% vs. 71.4%, p = 0.094) and in specificity (100% vs.
98.6%, p = 0.15) and a significant difference in sensitivity
comparing [18F]FDG PET/MRI and MRI to bone scan
(100% vs. 28.6%, p < 0.001). The difference between CT
and bone scan yielded no statistical significance (71.4% vs.
28.6%, p = 0.076).

Lesion-based analysis

A total of 45 bone lesions in 7 patients were included in the
final evaluation, comprising 41 (91.1%) bone metastases and
4 (8.9%) benign bone lesions. One of the patients showed a
diffuse infiltration of the entire axial skeleton, which was
counted as 1 lesion. Twenty-three of the 41 metastases were
classified as lytic, and 18 as sclerotic. Table 3 shows the lo-
calizations of all bone metastases. At least one lesion was
confirmed by histopathological sampling in each patient; the
remaining bone metastases were confirmed by follow-up im-
aging, according to the reference standard.

[18F]FDG PET/MRI did not miss any of the 41 malignant
lesions (sensitivity 100%, CI: 79.0–100.0). All metastases
showed a focal [18F]FDG uptake. There were no false-
positive findings by [18F]FDG PET/MRI. MRI alone was also
able to correctly identify all 41 metastases (sensitivity 100%,

8718 Eur Radiol  (2021) 31:8714–8724

1 3



CI: 79.0–100.0), but misinterpreted one degenerative benign
lesion as malignant. On MRI alone, the correct identification
of 5 metastases was only possible through DWI, as they did
not show a clear correlate on conventional morphologic MRI

sequences (see Fig. 2). In comparison to that, CT detected 23
of 41 malignant bone lesions (sensitivity 56.1%, CI: 43.7–
68.5; 8 lytic, 15 sclerotic). Fifteen malignant lesions were
missed by CT and 3 sclerotic metastases were misinterpreted

Table 3 Locations of all 41 bone metastases and number of detected
lesions in each modality in comparison to the reference standard (in
brackets). Most metastases affected the vertebrae and the pelvic bones.
Mainly osteolytic metastases were missed/misinterpreted by CT and bone

scan. Note that in CT arms were positioned upward and in PET/MRI
besides the body. Only parts of the limbs that are pictured in the FOV
of all modalities were evaluated

PET/MRI and MRI CT Bone scan Reference standard

Lytic Sclerotic Lytic Sclerotic Lytic Sclerotic Histology CT MRI

Vertebrae 9(9) 8(8) 4(9) 8(8) 1(9) 4(8) 1 12 4

Pelvic bones 6(6) 4(4) 2(6) 4(4) 3(6) 3(4) 5 3 2

Ribs 4(4) 1(1) 1(4) 0(1) 1(4) 0(1) 1 3 1

Limbs 4(4) 5(5) 1(4) 3(5) 2(4) 1(5) 1 5 3

Total 23(23) 18(18) 8(23) 15(18) 7(23) 8(18) 8 23 10

Fig. 2 Fifty-eight-year-old woman with breast cancer and histologically
proven bone metastases in the os sacrum and the second right rib. Clear
evidence of metastatic infestation in fused [18F]FDG PET/MRI (e) and in

DWI-sequences (d). In T1 fs Vibe the lesions are hard to detect (c). No
signs of malignancy were seen in CT and bone scintigraphy (a, b)

8719Eur Radiol  (2021) 31:8714–8724

123456789)1 3



as bone islands. Especially osteolytic lesions of the bone mar-
row showing no signs of a tumor infestation such as cortical
thinning or destruction were difficult to detect and often
remained unrecognized on CT (Figs. 2, 3, and 4).
Furthermore, there were 4 false-positive findings in CT, as 3
lesions in the axial skeleton and 1 lesion in a rib turned out to
be degenerative or posttraumatic in histology and follow-up
examination. Bone scintigraphy detected 15/41 bone metasta-
ses (sensitivity 36.6%, CI: 22.1–51.1; 7 lytic, 8 sclerotic)

(Figs. 2, 3, and 4). Two of the lytic metastases detected with
bone scintigraphy in one patient were not visible on CT. In
addition, two posttraumatic lesions in the sternum and distal
humerus in one patient were considered metastases in bone
scintigraphy due to increased bone metabolism.

The McNemar χ2 test yielded statistical significance when
comparing sensitivities in lesion detection of [18F]FDG PET/
MRI with CT (p < 0.01, difference 43.9%, CI: 30.7–57.1) and
MRI alone with CT (p < 0.01, difference 43.9%, CI: 30.7–

Fig. 3 Forty-eight-year-old woman with breast cancer and a single
histologically confirmed osteolytic metastasis in the left iliac bone. In
the absence of cortical destruction, CT and bone scintigraphy yielded

false-negative results (a, b). Clear identification of metastasis in MRI
alone (c, d) and in fused [18F]FDG PET/MRI (e)

Fig. 4 Seventy-five-year-old woman with breast cancer and
histologically confirmed osteolytic bone infestation in thoracic vertebral
body T8. All modalities show clear evidence of metastasis: focal

accumulation in bone scintigraphy (a), cortical destruction and
osteolysis in CT (b), diffusion restriction and contrast enhancement in
MRI (c, d), and tracer uptake in fused [18F]FDG PET/MRI (e)
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57.1) as well as comparing [18F]FDG PET/MRI and MRI
alone with bone scintigraphy (p < 0.01, difference 63.4%,
CI: 40.7–76.1). The CT showed a statistically significant su-
periority in comparison to bone scintigraphy (p = 0.039, dif-
ference 19.5%, CI: 0.01–0.38).

Diagnostic confidence

[18F]FDG PET/MRI showed a significantly higher overall di-
agnostic confidence in lesion nature ratings compared to MRI
alone (4.16 ± 0.71 vs. 3.3 ± 0.65, p < 0.0001), CT (4.16 ± 0.71
vs. 3.04 ± 0.85, p < 0.0001), and bone scintigraphy (4.16 ±
0.71 vs. 3.93 ± 0.26, p = 0.0003). The difference of diagnostic
confidence of MRI alone in comparison to CT did not reach
statistical significance (3.3 ± 0.65 vs. 3.04 ± 0.85, p = 0.058).

Discussion

In our study, [18F]FDG PET/MRI and MRI alone both out-
perform CT and bone scintigraphy when assessing bone me-
tastases in the initial staging of patients with newly diagnosed
breast cancer. On a lesion-based analysis, these modalities
reveal a considerable advantage especially in the detection
of osteolytic metastases. [18F]FDG PET/MRI shows no dif-
ferences to MRI alone in sensitivity but offers a higher diag-
nostic confidence in correctly rating bone metastases. Bone
scintigraphy achieved significantly worse results than CT in
the detection of bone metastases.

Although the spectrum of available therapeutic options for
breast cancer has significantly improved in recent years, dis-
tant metastases are still detectable in approximately one-third
of patients during the course of the disease [3]. Bone metas-
tases are by far the most frequent localization, accounting for
50–70% of distant metastases in the early phase of the disease
[3–5]. Hence, a reliable initial staging has become increasing-
ly important, as this allows for an individualized therapy reg-
imen and early detection of patients with bone metastases to
reduce skeletal morbidity by adjustment of chemotherapy, use
of bisphosphonates, or targeted irradiation. Accordingly, the
initial staging examination has recently been amended in
guidelines, now including a thoraco-abdominal CT scan and
a bone scintigraphy [12, 13]. Bone scintigraphy is still widely
considered to be the gold standard in the detection of bone
metastases, although a large number of studies in recent years
have shown advantages of MRI as well as of hybrid imaging
techniques [9, 15, 19, 20].

The results of our study raise the questions, whether a de-
fault bone scintigraphy is actually necessary in the primary
staging of breast cancer patients when a CT is already per-
formed and whether these two examinations should even re-
main the first choice considering the preeminent performance
of PET/MRI or MRI alone. There have been various studies

indicating that CT is superior to bone scintigraphy in detection
of breast cancer metastases [21, 26, 27], and according to the
results of a study by Bristow et al [27] comparing CT and
bone scintigraphy in 44 patients with bone metastases from
breast cancer, the routine bone scan may not be required. One
advantage of our study is the relatively large, prospectively
enrolled patient cohort undergoing initial staging based on
current ESMO guidelines, hence reflecting clinical routine.
Our results show that only 4% of patients have bone metasta-
ses in the initial breast cancer staging, which further questions
the importance of bone scintigraphy in addition to thoraco-
abdominal CT, also because breast cancer patients tend to be
rather young and radiation dose should be considered.
Nevertheless, in a clinical setting, review of both examina-
tions is advisable in any case, especially since CT can facili-
tate the differentiation of benign and malignant radionuclide
accumulations detected on bone scans [26].

Several studies have reported a superiority of whole-body
MRI over CT and bone scintigraphy in bone lesions [15, 28],
although it is rarely used for initial staging examinations of
breast cancer in current clinical routine [16]. A major advan-
tage of MRI is the possibility to directly visualize metastatic
tissue in the bonemarrow. Consequently, especially osteolytic
metastases could be detected earlier than with CT and usually
before cortical bone destruction has occurred [29, 30].
Furthermore, the early detection of a solitary bone metastasis
might offer the opportunity of a curative approach by applica-
tion of a local radiation therapy. According to our results, the
visualization of osteolytic bone metastases with sole medul-
lary involvement is highly limited both with CT and bone
scintigraphy. Depending on the location, osteolytic metastases
are detectable by bone scintigraphy only when approximately
50% of the bone marrow is already destroyed [21, 31]. This
also has an influence on the therapy decisions. The earlier the
metastases are discovered, the better they can be treated. As a
result, this might prevent tumor-related osteolysis or fractures
and reduce pain or other comorbidities [30]. MRI offers fur-
ther advantages, such as the lack of ionizing radiation, or the
higher soft tissue contrast, which might be beneficial for the
detection of non-osseous lesions. In our study, diffusion-
weighted MR imaging (DWI) revealed multiple metastases
that would otherwise have been missed; hence, it should be
considered part of the imaging protocol.

The ability of hybrid imaging to detect bone metastases in
different tumor entities has been investigated extensively in
recent years. PET/CT has already proven to be advantageous
in cancer staging in comparison to CT and bone scintigraphy
[20, 32–35].

The comparison of PET/CT and MRI has yielded conflict-
ing results so far [36, 37]. In a study by Jambor et al with 26
high risk breast cancer patients, both modalities are described
to be equally suitable for the detection of bonemetastases with
sensitivities of 93% and 91% [37]. The introduction of fully
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integrated PET/MRI in 2011 has enabled simultaneous acqui-
sition of PET and high soft-tissue contrast morphological and
functional MRI. In this study, the high sensitivity in detection
of bone metastases is primarily caused by the [18F]FDG PET,
but the combination with MRI offers the advantage of a high
anatomical resolution and functional imaging. When compar-
ing PET/CT and PET/MRI, available data is inconsistent.
While Löfgren et al [38] did not see clear advantages of either
one modality in the evaluation of bone metastases, studies of
Sawicki et al [35] and Catalano et al [22] postulated a superi-
ority of PET/MRI in recurrent breast cancer attributed to the
higher soft tissue contrast and added information from func-
tional imaging such as DWI.

Additionally to the mere detection of lesions, a high diag-
nostic confidence, allowing for a reliable differentiation be-
tween benign and malignant lesion nature, is relevant in daily
routine. Although PET/MRI and MRI alone were able to de-
tect all malignant bone lesions, our study emphasizes the level
of diagnostic confidence achieved by hybrid imaging based
on the ability to visualize pathologically increased glucose
metabolism of malignant lesions [39].

This study has limitations. Despite the rather large study pop-
ulation with primary breast cancer, the number of patients with
bone metastases was small. Second, in most cases, just one bi-
opsy site has been chosen to histologically secure bone metasta-
sis, since a histological sampling of all detected metastases is
usually not required for determining the oncologic treatment
concept. Therefore, the reference standard was also based on
follow-up examinations using CT and MRI. Third, an adequate
determination of a lesion-based specificity was not possible,
since not all initially detected benign lesions were followed up
with imaging. Fourth, up to 10% of osseous metastases in pa-
tients with breast cancer are located in the distal limbs and skull
[40]. In this study, only lesions that could be detected by all
modalities were included in the analysis. The thoracoabdominal
CT had a slightly smaller FOV than the PET/MRI as the arms
were raised above the head and were partly outside the FOV,
while in PET/MRI the arms were lowered beside the body. So
potential areas of metastasis may be excluded in this analysis,
because of the limited FOV. Regardless, an additional separate
evaluation of the complete FOVof eachmodality was performed
but no additional metastases were found.

In conclusion, both [18F]FDG PET/MRI and MRI alone
have shown to be significantly superior to CT and bone scin-
tigraphy for the detection of bone metastases in patients with
newly diagnosed breast cancer in our lesion-based analysis.
MRI alone and [18F]FDG PET/MRI identified equivalent
numbers of bone metastases. Considering the relatively low
prevalence of bone metastases at initial diagnosis, the high
number of patients at a relatively young age undergoing the
clinical staging algorithm, and the therapeutic impact of bone
metastases, radiation-free whole-body MRI might serve as
modality of choice. In contrast, the use of currently

recommended CT and bone scintigraphy for the detection of
bone metastases seems questionable.
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Free-breathing 3D Stack of Stars GRE 
(StarVIBE) sequence for detecting pulmonary 
nodules in 18F-FDG PET/MRI
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Christian Buchbender1, Gerald Antoch1 and Lino M. Sawicki1 

Abstract 
Background: The free-breathing T1-weighted 3D Stack of Stars GRE (StarVIBE) MR 
sequence potentially reduces artifacts in chest MRI. The purpose of this study was to 
evaluate StarVIBE for the detection of pulmonary nodules in 18F-FDG PET/MRI.

Material and methods: In this retrospective analysis, conducted on a prospec-
tive clinical trial cohort, 88 consecutive women with newly diagnosed breast cancer 
underwent both contrast-enhanced whole-body 18F-FDG PET/MRI and computed 
tomography (CT). Patients’ chests were examined on CT as well as on StarVIBE and con-
ventional T1-weighted VIBE and T2-weighted HASTE MR sequences, with CT serving as 
the reference standard. Presence, size, and location of all detectable lung nodules were 
assessed. Wilcoxon test was applied to compare nodule features and Pearson’s, and 
Spearman’s correlation coefficients were calculated.

Results: Out of 65 lung nodules detected in 36 patients with CT (3.7 ± 1.4 mm), 
StarVIBE was able to detect 31 (47.7%), VIBE 26 (40%) and HASTE 11 (16.8%), respec-
tively. Overall, CT showed a significantly higher detectability than all MRI sequences 
combined (65 vs. 36, difference 44.6%, p < 0.001). The VIBE showed a significantly better 
detection rate than the HASTE (23.1%, p = 0.001). Detection rates between StarVIBE and 
VIBE did not significantly differ (7.7%, p = 0.27), but the StarVIBE showed a significant 
advantage detecting centrally located pulmonary nodules (66.7% vs. 16.7%, p = 0.031). 
There was a strong correlation in nodule size between CT and MRI sequences (HASTE: 
ρ = 0.80, p = 0.003; VIBE: ρ = 0.77, p < 0.001; StarVIBE: ρ = 0.78, p < 0.001). Mean image 
quality was rated as good to excellent for CT and MRI sequences.

Conclusion: The overall lung nodule detection rate of StarVIBE was slightly, but not 
significantly, higher than conventional T1w VIBE and significantly higher than T2w 
HASTE. Detectability of centrally located nodules is better with StarVIBE than with VIBE. 
Nevertheless, all MRI analyses demonstrated considerably lower detection rates for 
small lung nodules, when compared to CT.

Keywords: Lung nodule detection, PET/MRI, Breast cancer, Computed tomography
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Background
Magnetic resonance imaging (MRI) has made tremendous progress over the last dec-
ades, driven by new developments in sequence technique, reducing the overall exami-
nation time and improving image quality.

In oncological imaging, whole-body MRI (WB-MRI) has gained growing impor-
tance as a method for cancer staging and follow-up and is nowadays recommended 
in international guidelines of various tumor entities (e.g. multiple myeloma, pros-
tate cancer, breast cancer) [1–3]. As MRI is a radiation-free imaging method, it is a 
valuable alternative to computed tomography (CT), especially in younger patients. 
One major limitation is its susceptibility to respiratory and cardiac motion result-
ing in a markedly reduced assessability of the lung parenchyma and limited detect-
ability of potentially metastatic lung nodules compared with chest CT. Performing 
conventional MR imaging under breath-holding conditions is currently the common 
way to ensure a good image quality [4]. A strict immobility and compliance to breath-
ing instructions is therefore required, which can sometimes be difficult in everyday 
clinical routine, especially when scanning children or multi-morbid older patients. 
"e application of navigated schemes has been proposed, but is also prone to failure 
and leads to an extension of examination time [5]. Additionally, the use of fast MR 
sequences is required, which are associated with a loss of spatial image resolution [6].
"e high susceptibility of conventional MR images to motion results from the line-

by-line acquisition (Cartesian sampling) of the data space (k-space). Even small move-
ments during the examination create disturbances in the phase encoding scheme and 
yield to phase offsets to the direction of the motion causing inconsistent phases in the 
k-space. "is results in artifacts in the phase encoding direction [7, 8] in conventional 
MR sequences like T2-weighted HASTE (Half Fourier Acquisition Single shot Turbo 
spin Echo) and T1-weighted fat saturated post-contrast VIBE (Volume Interpolated 
Breath-Hold Examination) sequence, which are the most common sequences for 
lung nodule detection in MRI. "ese sequences are used for thoracic imaging, since 
they are fast and can be acquired slice-by-slice between breaths. "e speed results 
from an incomplete filling or scanning of the k-space, which makes these sequences 
very susceptible for motion artifacts [9]. A possible solution to reduce the influence 
of motion is to change the way of k-space acquisition. A more recent example is the 
free-breathing radially acquired Stack of Stars T1-weighted gradient-echo (GRE) 3D 
VIBE sequence (StarVIBE) [6, 10]. In the StarVIBE sequence, data are acquired along 
individual radial spokes (Fig. 5). Due to the overlapping of the spokes in the center, 
phase errors can be reduced by averaging low frequency components. "is overlap 
has a motion-averaging effect and consequently, images can be acquired during free-
breathing, which not only reduces artifacts but also offers the advantage of a higher 
spatial resolution, since acquisition time is not limited to the duration of a breath 
hold [9].
"e reduced influence of motion in chest MRI is particularly interesting in the assess-

ment of lung cancer and pulmonary metastases, because MRI still has major disadvan-
tages compared to CT for the reasons mentioned above. Whether this technology offers 
advantages in lung nodule detection compared to conventional MRI sequences has, to 
the best of our knowledge, not yet been investigated.
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!us, the purpose of our study was to compare the diagnostic potential of the 
StarVIBE sequence to the conventional T1-weighted fat saturated post-contrast VIBE 
sequence, the T2-weighted fat-suppressed HASTE sequence and to the reference stand-
ard CT for detection of pulmonary nodules in contrast-enhanced whole-body 18F-FDG 
PET/MRI.

Material and methods
Patients and inclusion criteria
!e institutional review boards of the University Duisburg-Essen, Germany (study num-
ber 17–7396-BO) and Düsseldorf, Germany (study number 6040R) approved this study 
and it was performed in conformance with the Declaration of Helsinki [11]. After writ-
ten informed consent was provided, a total of 88 women (mean age 52.5 ± 11.5 years, 
age range 28–82  years) with newly diagnosed therapy-naive breast cancer were pro-
spectively enrolled in this study between April 2019 and April 2020. For cancer stag-
ing, all patients underwent a whole-body 18F-FDG PET/MRI as well as chest, abdomen 
and bone imaging recommended by current breast cancer guidelines, including thoraco-
abdominal computed tomography, with a maximum of two weeks apart.

In accordance with the latest 2018 European Society For Medical Oncology (ESMO) 
guidelines for breast cancer [12], the following inclusion criteria had to be fulfilled to 
be eligible for whole-body staging: (1) newly diagnosed, treatment-naive T2-tumor or 
higher T-stage or (2) newly diagnosed, treatment-naive triple-negative tumor of every 
size or (3) newly diagnosed, treatment-naive tumor with molecular high risk (T1c, 
Ki67 > 14%, HER2-new over-expression, G3). Exclusion criteria were age < 18  years, 
medical contraindications to MRI or CT or contrast agents as well as former malignan-
cies in the last 5 years, pregnancy, or breast-feeding.

PET/MRI examination
All patients were instructed to fast for at least 6 h before the examination, and blood 
glucose levels were verified to be below 150 mg/dl. All patients underwent contrast-
enhanced (Dotarem, Guerbet GmbH) 18F-FDG PET/MRI on an integrated 3.0-Tesla 
PET/MR system (Biograph mMR, Siemens Healthcare GmbH, Erlangen, Germany) with 
a mean delay of 76.6 ± 17.3 min after intravenous injection of a body weight adapted 
dosage of 18F-FDG (4 MBq/kg body-weight, mean activity: 240.9 ± 38.7 MBq). !e scan 
volume covered head to the mid-thigh in supine position.

PET images were generated in four to five bed positions with a median of 3 min per 
bed position. PET data reconstruction was performed using an iterative 3D ordinary 
Poisson ordered-subset expectation maximization algorithm (3D OP-OSEM), 3 itera-
tions and 21 subsets, a Gaussian filter with 4 mm Full Width at Half Maximum (FWHM) 
and a matrix dimension of 344 × 344 × 127 with an axial field of view (FOV) of 25.8 cm 
and a reconstructed image resolution of 2.09 × 2.09 × 2.03 mm.

For MR-based tissue attenuation correction (AC) and scatter correction the syngo MR 
E11P platform was used. A transaxial acquired high-resolution CAIPIRINHA (Con-
trolled aliasing in parallel imaging results in higher spatial acceleration) T1-weighted 
three-dimensional (3D) Dixon-VIBE sequence was acquired, providing two sets of 
images (in- and opposed phase fat and water images) to generate a four-compartment 



Page 4 of 14Bruckmann et al. EJNMMI Physics            (2022) 9:11 

(background air, lungs, fat, soft tissue) attenuation correction map (µmap) in coronal 
orientation. A bone atlas and truncation correction as proposed by Blumhagen et  al. 
[13] were additionally applied [14–16]. MRI data were acquired simultaneously using a 
16-channel head-and-neck radiofrequency (RF) coil, a 24-channel spine array RF coil, 
and 5 or 6-channel flex body coils, depending on patients’ height. "oracic bed posi-
tion was acquired with an acquisition time ranged from 6 to 8 min and with expiratory 
breath-hold, except for the duration of the 3D Stack of Stars GRE (StarVIBE) sequence, 
which was generated under free-breathing. Table 1 shows the scan parameters of the 
thoracic sequences.

Computed tomography
In addition to the 18F-FDG PET/MRI all 88 patients underwent a thoraco-abdominal 
multi-slice contrast-enhanced (Ultravist 300™, Bayer Schering Pharma AG, Berlin, 
Germany) CT examination from skull base to the mid-thigh (Definition Edge or Defi-
nition Flash, Siemens Healthcare GmbH, Erlangen, Germany). "e mean time between 
PET/MRI and CT scans were 3.1 ± 3.6 days (range 1–14 days). An automatic tube cur-
rent modulation and automatic tube voltage selection was applied (CareDose 4D and 
CareKV, Siemens Heathcare GmbH, Erlangen). All scans were acquired in portal venous 
phase after intravenous application of a body-weight adapted dosage of non-ionic con-
trast agent. "oracic images were reconstructed in lung window setting, using a sharp 
kernel (B70s) and a slice thickness of 2 mm.

Image interpretation
"e imaging datasets of CT (chest CT) and 18F-FDG PET/MRI (HASTE, VIBE, 
StarVIBE sequence and PET alone) were analyzed on a dedicated OsiriX workstation 
(Pixmeo, SARL, Bernex, Switzerland) and evaluated by 4 readers, two board-certified 
radiologists with 7 and 8 years of experience in hybrid imaging and two residents with 3 
and 4 years of experience in hybrid imaging since graduating from medical school. CT 
and MRI datasets were assessed in random order and in separate sessions with at least 
two weeks apart to avoid recognition bias. Both readers were informed regarding the 
primary diagnosis of the patients but remained blinded to results of prior and follow-up 
imaging and to the patients’ history.
"e quality of all thoracic imaging datasets was evaluated on a four-point Likert-scale 

(1 = very poor image quality: major artifacts; 2 = poor image quality: moderate artifacts; 
3 = good image quality: minor artifacts; 4 = excellent image quality: no artifacts) and the 

Table 1 Scan parameters of the considered thoracic MRI sequences

T2w HASTE, T2-weighted half Fourier acquisition single shot turbo spin echo; T1w fs VIBE, T1-weighted fat-suppressed 
volume-interpolated breath-hold examination; StarVIBE, free-breathing 3D Stack of Stars GRE VIBE; TA, acquisition time; TR, 
repetition time; TE, echo time; FOV, field of view

Sequence Orientation Contrast agent TA (s) TE/TR (ms) Slice 
thickness 
(mm)

Matrix size FOV  (mm2)

T2w HASTE Axial No 66 99/1.500 7.0 320 × 240 430 × 322

T1w fs VIBE Axial Yes 18 1.5/3.6 3 512 × 250 430 × 349

StarVIBE Axial Yes 220 1.5/3.2 1.1 520 × 204 360 × 360
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presence and type of artifacts was documented. Lungs were systematically assessed in 
the same order, starting from the right upper lobe and continuing to the left lower lobe. 
Lung nodule number and location was noted, dividing the lungs into 4 quadrants (right 
upper, right lower, left upper, left lower) and subdividing lung sections into the regions 
pleural (lesions adjacent to the pleura), subpleural (within 1 cm of the pleura but not 
adjacent to it), and central (remaining lung tissue). Nodule size was measured (long-axis, 
short-axis and mean diameter) in millimeters. Furthermore, nodule contrast (1 = very 
low contrast; 2 = low contrast; 3 = moderate contrast; 4 = high contrast), nodule density 
(1 = solid; 2 = part-solid; 3 = pure ground glass) and nodule shape (1 = round; 2 = oval; 
3 = ellipsoidal; 4 = lobular; 5 = notched; 6 = irregular) were documented. PET data in 
fused PET/MRI were evaluated noting presence of focal tracer uptake above background 
level (normal lung tissue), and for quantitative assessment SUVmax was measured by 
placing a polygonal volume of interest over each nodule.

Statistical analysis
SPSS 24 (IBM, Armonk, NY, USA) was used for statistical analysis and all data are pre-
sented as mean ± standard deviation and median ± IQR. A p value < 0.05 was considered 
to indicate statistical significance. "e Wilcoxon test was used to assess differences in 
nodule size, contrast, and image quality. For correlation analysis of nodule size, the Pear-
son’s correlation coefficient was applied. Because contrast is a categorical variable, the 
Spearman’s correlation coefficient was preferred.

Results
Nodule detection
According to the reference standard CT, there were 65 lung nodules in 36 of the 88 
(40.9%) patients with a mean size of 3.7 ± 1.4 mm (range 2–8 mm, lung nodules per 
patient: 1–5, mean number 1.8 ± 1.6). In the remaining 52 (59.1%) patients, no lung 
nodules were present. Table 2 shows the distribution of lung nodules per patient. "e 
HASTE sequence was able to detect 11 of 65 nodules (16.9%; 95% CI 8.8–28.3, mean 
size 4.1 ± 0.8 mm), while the post-contrast VIBE and the StarVIBE sequence detected 
26 and 31 lung nodules (mean size 4.3 ± 1.4 mm and 3.9 ± 1.5 mm), respectively, result-
ing in detection rates of 40% (CI 28.0–52.9) and 47.7% (CI: 35.1–60.5) (Fig. 1). Detec-
tion rates between VIBE and StarVIBE did not differ significantly (difference 7.7%, 

Table 2 Overview over the distribution of lung nodules among the patient collective

Number of patients 88

Patients with lung nodules 36

Patients without lung nodules 52

Lung nodules in total 65

Number of lung nodules per patient Patients

1 19

2 9

3 5

4 2

5 1
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95% CI − 0.09 to 0.25, p = 0.27). "ere were no false positive results on MRI. Further 
results concerning detection rates between CT and the individual MRI sequences can 
be found in Table 3. "e number of lung nodules was correctly identified by HASTE in 
3 of 36 patients (8.3%), by VIBE in 10 of 36 patients (27.8%) and by the StarVIBE in 13 
of 36 patients (36.1%). Compared to the VIBE, StarVIBE missed 4 subpleural nodules in 
2 patients (mean size in CT 4.5 ± 0.58 mm), but detected additional 9 (3 subpleural, 6 
central) primarily small nodules in 6 patients (mean size in CT 3.2 ± 0.97 mm) (Fig. 2). 
"e HASTE sequence was able to detect one nodule that was not detected with VIBE or 
StarVIBE. "is nodule was a calcified granuloma on CT. None of the morphologically 
visible and not-visible nodules showed an 18F-FDG uptake above the surrounding back-
ground level (mean SUVmax of all nodule detected with MRI sequences: 0.9 ± 0.5).

Comparison of nodule size and nodule contrast
"e mean size of all lung nodules detected by CT was 3.7 ± 1.4 mm (range 2–8 mm, 
median 4.0 ± 1.5), compared to 4.1 ± 0.8  mm (range 2–5  mm, median 4.0 ± 1.0) by 
HASTE, 4.3 ± 1.4 mm (range 2–8 mm, median 4.0 ± 1.5) by VIBE, and 3.9 ± 1.5 mm 
(range 2–7 mm, median 4.0 ± 1.0) by StarVIBE. Analysis of size of corresponding nodule 
did not significantly differ between CT and MRI and between the MR sequences. Lung 

Fig. 1 Flow-chart with numbers and percentages of detected lung nodules per MRI sequence, compared to 
CT

Table 3 Comparison of the performance of CT with the individual MRI sequences and combined 
MRI for lung nodule detection

The StarVIBE sequence was able to increase the overall lung nodule detection of MRI, but CT still showed a significantly 
better performance

Detected nodules Relative 
difference (%)

95% confidence interval p value

CT vs. HASTE 65 vs. 11 83.1 0.71 to 0.9 < 0.001

CT vs. VIBE 65 vs. 26 60 0.46 to 0.71 < 0.001

CT vs. StarVIBE 65 vs. 31 52.3 0.39 to 0.64 < 0.001

HASTE vs. VIBE 11 vs. 26 23.1 0.08 to 0.37 0.001

HASTE vs. StarVIBE 11 vs. 31 30.8 0.15 to 0.45 < 0.001

VIBE vs. StarVIBE 26 vs. 31 7.7 − 0.09 to 0.25 0.27

CT vs. MRI (combined) 65 vs. 36 44.6 0.31 to 0.57 < 0.001
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nodules missed by MRI were rather small, averaging 3.2 ± 1.3 mm on VIBE, 3.4 ± 1.4 mm 
on StarVIBE, and 3.6 ± 1.4 mm on HASTE, respectively (Fig. 2). A strong correlation in 
nodule size between CT and HASTE (r = 0.80, p = 0.003), VIBE (r = 0.77, p < 0.001), and 
StarVIBE (r = 0.78, p < 0.001) as well as between StarVIBE and VIBE (r = 0.94, p < 0.001) 
and StarVIBE and HASTE (r = 0.81, p < 0.02) could be observed. Nodule contrast dif-
fered significantly between CT and MRI in corresponding nodules, rated as moderate in 
CT with a mean of 2.91 ± 0.79 (median 3.0 ± 1.0), poor in StarVIBE (mean 2.07 ± 0.98, 
median 2.0 ± 2.0, p = 0.001) and VIBE (mean 2.00 ± 0.75, median 2.0 ± 0.25, p < 0.001), 
and very poor in the HASTE sequence (mean 1.45 ± 0.52, median 1.0 ± 1.0, p = 0.004). 
"ere was no statistically significant correlation between CT and MRI in nodule con-
trast (HASTE: ρ = 0.15, p = 0.67; VIBE: ρ = 0.17, p = 0.42; StarVIBE: ρ = 0.18, p = 0.34).

Localization
Forty-two of the 65 (64.6%) detected lung nodules were located in the lower parts of 
the lungs and 23 (36.4%) in the upper parts. Seven lung nodules were located adjacent 
to the pleura, while 46 were positioned subpleurally and 12 centrally in the lungs. "e 
local distribution of missed lung nodules showed significant differences between VIBE 
and StarVIBE particularly in the detection of centrally located nodules (Table 4, 16.7% vs 
66.7%, difference 50.0%, 95% CI 10.8–75.4, p = 0.031) (Figs. 2, 3).

Fig. 2 A 49-year-old female patient with histologically proven breast cancer. Four-millimeter centrally 
located lung nodule in the right lower lobe, which is clearly visible with CT (a) and the StarVIBE sequence (b). 
Caused by motion artifacts and lower resolution, the lung nodule was missed with the VIBE (c) and HASTE (d) 
sequence. No focal 18F-FDG uptake was seen on PET and fused 18F-FDG PET/MRI images (e, f)

Table 4 Distribution of detected and missed nodules according to their location in the lung for 
each sequence

CT HASTE VIBE StarVIBE

Detected Detected Missed Detected Missed Detected Missed

Adjacent to pleura 7 2 (29.6%) 5 (71.4%) 6 (85.7%) 1 (14.3%) 6 (85.7%) 1 (14.3%)

Subpleural 46 8 (17.4%) 38 (82.6%) 18 (39.1%) 28 (60.9%) 17 (37.0%) 29 (63.0%)

Central 12 1 (8.3%) 11 (91.7%) 2 (16.7%) 10 (83.3%) 8 (66.7%) 4 (33.3%)
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Image quality
!e mean image quality was rated as good to excellent for both CT and all MRI 
sequences. Nevertheless, the statistical analysis yielded differences between CT (mean 
3.99 ± 0.09, median 4.0 ± 0.0) and MRI (HASTE: mean 3.91 ± 0.29, median 4.0 ± 0.0, 
p < 0.001; VIBE: mean 3.60 ± 0.68, median 4.0 ± 1.0, p < 0.01; StarVIBE: mean 3.91 ± 0.35, 
median 4.0 ± 0.0, p < 0.001). !e difference between VIBE and StarVIBE also yielded a 
statistical significance with a better performance of the StarVIBE sequence (p < 0.01). 
Almost no artifacts were documented in CT imaging, while in 30 of 88 patients (34.0%) 
artifacts were documented in VIBE images, especially due to respiratory and cardiac 

Fig. 3 Bubble chart of detected and missed lung nodules on VIBE (upper chart) and StarVIBE (lower chart). 
The lung nodules are subdivided according to their size and localization. The number of lung nodules of one 
size is represented with color intensity of the bubbles and their labeling. For the missed nodules, the size was 
taken from the reference standard CT. The missed lung nodules were rather small in VIBE (mean 3.2 ± 1.3 mm 
vs. 4.3 ± 1.4 mm) and StarVIBE (mean 3.4 ± 1.4 mm vs. 3.9 ± 1.5 mm)
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motion and less also aliasing and ghosting. !e StarVibe images were only affected by 
streak artifacts (14/88, 15.9%), which hardly influenced the assessability of lung nodules 
(Table 5, Fig. 4).

Discussion
In this study, we investigated the potential of the free-breathing Stack of Stars GRE 
StarVIBE sequence for the detection of lung nodules in breast cancer patients and com-
pared it with the performance of CT and other common MRI sequences using 18F-FDG 
PET/MRI. Accurate and reliable detection of lung nodules is an important aspect of 
image-based cancer staging, since the identification of a metastatic spread has a con-
siderable influence on treatment and ultimately on patient’s survival, regardless of the 
cancer entity [17–19]. CT is still the gold standard, because of its clear superiority in 
the detection of even very small pulmonary nodules [20, 21]. While MRI has been 
shown to be equivalent for the detection of nodules > 10 mm, the capability of detect-
ing smaller lung nodules is limited [22–24]. Even though most small nodules < 10 mm 
in oncologic patients are known to be benign (i.e. post-infectious, indurative etc.), about 
20% of those lung nodules represent early metastases, with a high chance to be missed 
by chest MRI, even when using state-of-the-art T1-weighted breath hold GRE, pulse 
sequences or Propeller/Blade sequences (Periodically Rotated Overlapping Parallel Lines 
with Enhanced Reconstruction) [23, 25, 26]. Main reasons are a low tissue density in 
the lungs, rapid signal loss at the transition from lung to soft tissue, and artifacts caused 
by cardiac and respiratory motion [7]. Currently, T1-weighted gradient echo or pulse 

Table 5 Number of documented artifacts in CT and the individual MRI sequences

The VIBE sequence in particular proved to be susceptible to breathing and heart motion artifacts, while the StarVIBE was 
only influenced by streak artifacts, which had only a minor impact on the image quality. CT was only hardly influenced by 
artifacts

CT HASTE VIBE StarVIBE

Respiratory/cardiac motion 2 12 23

Aliasing 2 7

Ghosting 3

Streak artifacts 14

Fig. 4 Comparison of VIBE (a) and StarVIBE (b) sequence in a 70-year-old female patient with histologically 
proven breast cancer. Lower lung section with parts of the diaphragm and heart. Limited Image quality of the 
VIBE sequence due to respiratory artifacts, heart motion (a white arrows) and ghosting (a black arrow). In the 
StarVIBE sequence minimal streak artifacts are visible (b white arrow), which have only a mild effect on image 
quality
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sequences such as VIBE with a short echo time offer a reasonable result and are there-
fore recommended for MR-based lung nodule detection [27–29]. However, more sensi-
tive MRI sequences have to be developed to increase the acceptance of MRI as a valuable 
thoracic staging examination [27].

One way to improve the detection of lung nodules by MRI is to change the way of 
k-space acquisition. In radial sampling, the k-space data are acquired along radial spokes. 
"is was already used in the past for example in the Propeller/Blade sequences. "e 
basic idea here is to use a set of radially directed strips or "blades", which are rotating 
around the k-space center. Each blade is composed of multiple parallel phase-encoded 
lines that can be collected using fast spin echo or gradient echo methods.

3D Stack of Stars approach represents the actual radial sampling, means applying 
the recently developed motion robust free-breathing radial T1-weighted gradient-echo 
3D VIBE sequence for the acquisition of the in-plane dimension (kx-ky) along individ-
ual radial lines without rotation, while in slice direction the conventional sampling is 
applied, resulting in a cylindrical coverage [7, 9, 30] (Fig. 5). "is allows a further reduc-
tion of motion artifacts even with free breathing and a consistent high spatial resolution. 
Consequently, the reduction of motion-related artifacts may improve the assessment of 
motion-prone organs, especially the lung.

Most studies dealing with this topic differentiate between sensitivity rates for MRI 
concerning nodules less or more than 10 mm in size. For nodules greater than 10 mm, 
various studies have shown that MRI sequences have a similar detection rate to CT and, 
as a combined PET/MRI examination, can also provide information on nodule dignity 
[23, 24, 27, 30–32]. In concordance with the results of prior studies for smaller lung 
nodules [20, 21, 27, 30, 32], CT outperformed the currently used MRI sequences in our 
study, which offered detection rates of 40% (VIBE) and 16.9% (HASTE). "e StarVIBE 
sequence was even able to detect 47.7%, but also remained clearly inferior to CT. In a 
study by Sawicki et al. [27], comparing lung nodule detection of 18F-FDG PET/MRI and 
18F-FDG PET/CT in 121 oncologic patients, nodules smaller than 5 mm were found with 

Fig. 5 “Stack of Stars” approach. Acquisition of the in-plane dimension (kx − ky) along radial spokes, while in 
slice direction (ky) the conventional Cartesian sampling is applied, resulting in a cylindrical coverage. Inspired 
by [9]
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the VIBE sequence in 43.1%. Furthermore, Rauscher et al. [32] described significantly 
lower detection rates for nodules < 10 mm when comparing PET/CT and PET/MRI in 
the detection of 40 lung nodules with a detection rate of 45.5% for the VIBE sequence. 
Chandarana et al. [30] compared 18F-FDG PET/MRI and 18F-FDG PET/CT in the detec-
tion of lung nodules using a radially acquired VIBE sequence, a preclinical prototype of 
the StarVIBE sequence. In their study, the radial VIBE received a sensitivity rate of 62.3% 
of all lung nodules (43/69), but only 28% (7/25) of the nodules < 5 mm were detected [30]. 
In keeping with their results, the mean size of missed lung nodules was 3.23 ± 1.31 mm 
and 3.41 ± 1.42 for VIBE and StarVIBE, so especially small nodules < 4 mm were missed 
(Fig.  2). "e rather good results of the StarVIBE sequence result primarily from the 
fact, that images can be acquired in free-breathing, which is particularly important for 
elderly people with comorbidities or children, who are often staged using MRI, trying 
to keep the radiation burden as low as possible. Even though the acquisition of individ-
ual StarVIBE slices takes longer than of conventional MR sequences, a major advantage 
of performing exams during free-breathing is continuous data acquisition, resulting in 
sharper images and improved resolution (here, 1.1 mm isotropic). Although StarVIBE 
has the smallest voxel volume compared to the others, it still missed slightly larger nod-
ules than VIBE did (3.42 mm vs. 3.23 mm). "is could be, because radial imaging tends 
to have image blurring when motion or magnetic susceptibility differences are present. 
Additionally, because StarVIBE acquires the k-space lines in z direction rectilinearly, it 
may still have small aliasing artifacts in this direction.

When comparing the localization of detected and missed lung nodules in the VIBE 
and StarVIBE sequence, no relevant differences between pleural and subpleural nod-
ules were found. However, the StarVIBE sequence detected significantly more centrally 
located lung nodules. Presumably, the detection of central, perihilar nodules is particu-
larly hampered by heart motion and breathing and the lower susceptibility to artifacts of 
the StarVIBE sequence has a direct effect on the detection rate of pulmonary nodules.

In our study, none of the lung nodules presented a focal tracer uptake on the PET com-
ponent. Yet, in various studies [33–35], it has been shown that PET negativity is not suit-
able to exclude malignancy, especially in lung nodules smaller than 10 mm, since there 
is a high proportion of false-negative PET diagnoses caused by motion- and breathing 
artifact and the limited spatial resolution of the PET component, which can lead to an 
underestimation of the true FDG avidity [26, 36, 37].

CT provided a significantly better contrast of lung nodules than MRI sequences. "is 
was primarily due to the high number of granulomas, which were mostly small in size 
and frequently showing partial calcification. While CT offers a strong contrast between 
such high-density structures and aerated lungs, many lung nodules remain invisible in 
MRI due to low-proton density and susceptibility artifacts of the calcified parts.
"is study is not without limitations. Only women with newly diagnosed breast 

cancer were enrolled, who were generally younger and physically better constituted 
than most other people suffering from cancer. Commonly, older, multi-morbid 
patients tend to have problems holding their breath and lying still, hence, the ben-
efits of StarVIBE might be more significant in such cohorts. Furthermore, there might 
have been an influence of the different slice thicknesses in CT and MRI sequences and 
the additional evaluation of coronal and sagittal CT reconstructions for lung nodule 
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detection. However, the slice thicknesses and plane directions used in this study were 
clinical standard and thus our results should be valid to represent the performance 
of CT and MRI for lung nodule detection in everyday clinical routine. Moreover, the 
mean time between PET/MRI and CT scans were 3 days (range 1–14 days), hence 
interim intra-individual changes in size or number of lung nodules, while not likely, 
cannot totally be excluded. Overall, it is a relatively small cohort of patients, even 
though it is one of the largest studies of its kind. Further research in this field with 
larger cohorts is needed in the future.

In conclusion, this study has demonstrated that lung nodule detection with the 
free-breathing T1-weighted 3D Stack of Stars GRE (StarVIBE) MR sequence as part 
of a whole-body 18F-FDG PET/MRI cancer staging protocol was not significantly 
higher than with conventional breath-hold T1-weighted VIBE and significantly higher 
than with T2-weighted HASTE. "e StarVIBE sequence seems to be especially advan-
tageous in detecting centrally located lung nodules. However, PET/MRI still has a 
substantially limited sensitivity in lung nodule detection compared to CT and thus 
bears the risk of missing small lung metastases in oncologic patients. Further research 
towards more sensitive MRI sequences is necessary.
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A B S T R A C T   

Objectives: To investigate if the combined analysis of the apparent diffusion coefficient (ADC) and standardized 
uptake values (SUV) measured in 18F-fluoro-deoxy-glucose-positron emission tomography/magnetic resonance 
imaging (18F-FDG PET/MRI) examinations correlates with overall survival in non-small cell lung cancer (NSCLC). 
Material and methods: A total of 92 patients with newly diagnosed, histopathologically proven NSCLC (44 women 
and 48 men, mean age 63.1 ± 9.9y) underwent a dedicated thoracic 18F-FDG PET/MRI examination. A manually 
drawn polygonal region of interest (ROI), encompassing the entire primary tumor mass, was placed over the 
primary tumor on fused PET/MR images to determine the maximum and mean standardized uptake values 
(SUVmax; SUVmean) as well as on the ADC maps to quantify the mean and minimum ADC values (ADCmean, 
ADCmin). The impact of these parameters to predict patient’s overall survival was tested using hazard ratios (HR). 
Pearson’s correlation coefficients were calculated to assess dependencies between the different values. A p-value 
< 0.05 indicated statistical significance. 
Results: In all 92 patients (n = 59 dead at time of retrospective data collection, mean time till death: 19 ± 16 
month, n = 33 alive, mean time to last follow-up: 56 ± 22 month) the Hazard ratios (HR) as independent pre-
dictors for overall survival (OS) of SUVmax were 2.37 (95 % CI: 1.23–4.59, p = 0.008) and for SUVmean 1.85 (95 % 
CI: 1.05–3.26, p = 0.03) while ADCmin showed a HR of 0.95 (95 % CI: 0.57–1.59, p = 0.842) and ADCmean a HR of 
2.01 (95 % CI: 1.2–3.38, p = 0.007). Furthermore, a combined analysis for SUVmax/ADCmean, SUVmax / ADCmin 
and SUVmean/ADCmean revealed a HR of 2.01 (95 % CI: 1.10–3.67, p = 0.02), 1.75 (95 % CI: 0.97–3.15, 
p = 0.058) and 1.78 (95 % CI: 1.02–3.10, p = 0.04). 
Conclusion: SUVmax and SUVmean of the primary tumor are predictors for OS in therapy-naive NSCLC patients, 
whereas the combined analysis of SUV and ADC values does not improve these results. Therefore, ADC values do 
not further enhance the diagnostic value of SUV as a prognostic biomarker in NSCLC.   

1. Introduction 

Lung cancer is the most frequently diagnosed cancer entity world-
wide and with approximately 18 % the leading cause of cancer related 
death by far [1]. Non-small cell lung cancer (NSCLC) accounts for more 

than 83 % of total lung cancer cases [2,3]. Effective tumor treatment 
heavily depends on exact initial clinical staging. Therefore, diagnostic 
imaging plays a pivotal role in the diagnostic work-up. 18F-fluo-
ro-deoxy-glucose-positron emission tomography/computed tomogra-
phy (18F-FDG PET/CT) has already proven to be an indispensable tool 
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for initial tumor staging and the detection of recurrent disease, in 
particular due to its high accuracy for detection of primary tumor mass 
as well as locoregional and distant metastases [4–7]. Therefore, hybrid 
imaging has been implemented in all major guidelines for primary lung 
cancer staging [3,8]. 

The recent introduction of 18F-FDG PET/MRI into clinical practice 
has provided new possibilities to both nuclear medicine physicians and 
radiologists. Combining the advantages of a higher soft-tissue contrast 
and benefits of functional imaging techniques, PET/MRI provides a 
comparable diagnostic accuracy in lung cancer staging in comparison to 
PET/CT [9–12]. Furthermore, diffusion weighted imaging (DWI) can 
supplement the metabolic information obtained by PET-imaging with 
additional information regarding tumor cellularity in NSCLC patients 
[13–16], assessing the degree to which diffusion of water molecules is 
restricted in the extracellular space [17]. 

The role of preoperative SUVmax as a useful prognostic factor for the 
overall survival has been well examined in many different cancer en-
tities, for example in colorectal and breast cancer. Especially high 
SUVmax of the primary tumor correlate with an increased risk of cancer 
recurrence and are associated with a poor prognosis [18–22]. Several 
studies already evaluated the predictive value of SUVmax in early-stage 
NSCLC with conflicting results [23–27]. In some studies, SUVmax 
seems to be a significant independent prognostic marker for 
progression-free survival in NSCLC patients suffering from early stage 
disease [23–25], while no correlation was observed in other studies [26, 
27]. 

A positive correlation between the apparent diffusion coefficient 
(ADC), which can be derived from DWI as a quantitative biomarker, and 
prognostic factors has already been described in other cancer entities, e. 
g. in prostate cancer [28]. But to the best of our knowledge, the ADC has 
not been examined as a prognostic factor in lung cancer patients so far. 
Still, some studies indicate the potential of ADC values in the prediction 
of tumor response in comparison to PET/CT [29,30]. For example Weiss 
et al. observed a significant increase of ADC values in a cohort of ten 
NSCLC patients over the course of their radiochemotherapy [30]. 
Therefore, DWI with ADC value measurement might represent a further 
prognostic marker for the overall survival in NSCLC. 

A potential correlation between tissue metabolism, quantified with 
SUV, and tissue cellularity, quantified with ADC values has already been 
investigated in various studies [13,15,16,31,32]. The consensus appears 
to be a rather weak inverse correlation between different tumor entities. 
For example Schaarschmidt et al. [16] showed a weak inverse correla-
tion in lymph node metastases of 36 NSCLC patients (SUVmax and 
ADCmean: r = -0.30). 

Therefore, SUV and ADC values may offer complementary 

information and especially the combined analysis of SUV and ADC in 
simultaneous PET/MRI examinations might increase the diagnostic 
value of hybrid imaging in the pretherapeutic assessment by potentially 
predicting overall survival. 

Thus, the aim of our study was to correlate ADC and SUV with overall 
survival in order to investigate an independent or combined marker for 
long-term outcome of patients with advanced NSCLC undergoing PET/ 
MRI examinations. 

2. Material and methods 

2.1. Patients & inclusion criteria 

A total of 92 patients (44 women and 48 men, mean age at time of 
examination 63.1 ± 9.9y) with histopathologically proven and un-
treated NSCLC that underwent a whole-body 18F-FDG PET/CT and a 
subsequent dedicated thoracic 18F-FDG PET/MRI examination between 
August 2012 and November 2018 were enrolled in this retrospective 
study (Fig. 1). The results from 18F-FDG PET/CT data were not consid-
ered in this study. Two patients had to be excluded, because of severe 
artefacts of the ADC map and an invisible tumor on the b0-images of 
DWI. Histopathological results were obtained from the clinical reports, 
samples were acquired by endobronchial ultrasound-guided trans-
bronchial needle aspiration (EBUS-TBNA) or biopsy. In all patients, 
tumor staging was assessed according to the eighth edition of the 
American Joint Committee on Cancer staging manual [33]. Current 
diagnostic criteria of the WHO/IARC were applied [34]. TNM stages 
which were determined with older versions have been adjusted to the 
current manual using all clinical, imaging and histopathological data 
available. Survival data from all patients were obtained from the cor-
responding resident registration office. The study was approved by the 
institutional review board (IRB) and written informed consent was 
waived by the IRB. 

2.2. PET/MR imaging 

Thoracic 18F-FDG PET/MRI scans were performed using an inte-
grated 3.0-Tesla Biograph mMR (Siemens Healthineers, Erlangen, Ger-
many) subsequently after a clinically indicated PET/CT scan, with a 
mean delay of 139.4 ± 30.4 min after radiotracer injection. Prior to the 
injection of a body-weight adapted activity of 18F-FDG (4 M Bq/kg 
bodyweight, mean activity 270 ± 46 MBq), blood glucose levels were 
measured to ensure values below 150 mg/dl. In PET/MRI, thoracic 18F- 
FDG PET data were acquired in one position for 20 min and were 
reconstructed using the 3D-iterative OSEM-algorithm (ordered-subset 

Fig. 1. Flow-chart showing process of inclusion and survival data.  
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expectation maximization), 3 iterations and 21 subsets, a Gaussian filter 
with 4-mm full width at half maximum (FHWM) as well as a 344 × 344 
image matrix. No respiratory gating was applied. 

For MR-based attenuation correction of the patient tissues a two- 
point (fat, water) coronal T1-weighted 3D-Dixon-VIBE sequence was 
acquired to generate a four-compartment attenuation map (background 
air, lungs, fat, muscle). 

The thoracic MRI protocol was performed according to current im-
aging guidelines for lung cancer [35,36]. The dedicated MRI protocol 
comprised the following sequences, which were acquired during PET 
acquisition (Table 1):  

1 A transversal diffusion-weighted (DWI) echo-planar imaging (EPI) 
sequence (TR 17,900 ms, TE 78 ms, slice thickness 5 mm, field of 
view (FOV) 450 mm, matrix size 160 × 120 mm, b values: 0, 100, 
500, 1000 and 2000s/mm2) in free breathing.  

2 A transversal T2-weighted (T2w) BLADE sequence in free breathing 
(TR 4360 ms, TE 160 ms; matrix size 384; slice thickness 5 mm, FOV 
400 mm).  

3 A coronal T2 steady-state free-precession (TrueFISP) sequence in 
deep inspiration breath hold (TR 3.75 ms; TE 1.64 ms; matrix size 
384; slice thickness 6 mm; FOV 330 mm).  

4 A coronal T2 half-Fourier acquired single-shot turbo spin echo 
(HASTE) sequence in deep inspiration breath hold (TR 649 ms; TE 
51 ms; matrix size 320; slice thickness 6 mm FOV 330 mm).  

5 A non-enhanced transversal T1-weighted (T1w) fast low-angle shot 
(FLASH) sequence in deep inspiration breath hold (TR 1510 ms; TE 
2.15 ms; inversion time (TI) 1200 ms; matrix size 320; slice thickness 
5 mm; FOV 400 mm). 

6 A transversal T1w FLASH after intravenous administration of gado-
linium (TR 1700 ms; TE 3.33; TI 1200 ms; matrix size 256; slice 
thickness 7.5 mm; FOV 450 mm). 

After image acquisition, monoexponential ADC-Maps were calcu-
lated using the preinstalled software supplied by the vendor (Siemens 
Healthineers, Erlangen, Germany) on the associated PET/MRI console. 

2.3. Image analysis 

All images were analyzed using the dedicated image processing 
software OsiriX (Version 9.0.2, Pixmeo SARL, Bernex, Switzerland). In a 
first step, 18F-FDG PET data and the ADC-Map were coregistered and the 
PET images were reformatted to the voxel size of the ADC-Map. Then, 
the primary NSCLC tumor mass was identified. If the tumor was visible 
on PET image and DWI, a freehand polygonal region of interest (ROI) 
was created encompassing the tumor mass on the T2-BLADE sequence 
and on b0-image and copied to the corresponding PET image and ADC- 
Map, respectively. Afterwards, the ROI was adapted manually to avoid 
pixel void. SUVmax and SUVmean in PET as well as ADCmean and ADCmin 
in DWI were automatically calculated using OsiriX. To estimate values 
for partly included pixels automated subpixel interpolation was used by 
the software. Standard uptake values (SUVmax, SUVmean) as well as 
ADC values (ADCmean, ADCmin) were recorded for the primary tumor 
mass in every patient [16]. 

2.4. Statistical analysis 

In order to examine the correlation of SUV and ADC values with the 
overall survival, an optimal cut-off value was determined for each 
measurement using a Cox regression and a log-rank test, dividing the 
patients into two groups, each containing at least 25 % of the patients. 
For the combined analysis a ratio between SUV and ADC values was 
calculated, as recommended by Rakheja et al. [15]. The bragging 
approach [37] with 1000 subsets was employed to reduce overfitting of 
the data. The median of all cut-off values was then used to divide all 
patients into a low-risk and a high-risk group. Kaplan-Meier curves were 
estimated and the hazard ratio as well as the statistical significance 
based on a log-rank test were computed. Unadjusted p-values were re-
ported, where p < 0.05 was considered to be significant. All computa-
tions were performed using R version 3.4 and the Cutoff Finder package 
[38]. 

3. Results 

At time of retrospective data collection, 59 of all 92 patients had 
already died (time till death: 19 ± 16 months, range: 2–70 months). For 
the remaining 33 patients, the average time to last follow-up was 
56 ± 22 months (range: 16–80 months) (Fig. 1, Table 2). A total of 52 
patients suffered from adenocarcinoma, 22 from squamous-cell carci-
noma (SCC), 2 from adenosquamous carcinoma (ASC), 7 from large cell 
neuroendocrine carcinoma (LCNEC) and 9 patients suffered from other 
tumor entities. The analyzed cohort consisted of 16 patients with UICC 
(Union for International Cancer Control) stage I, 10 patients with stage 
II, 35 patients with stage III and 31 patients with a stage IV disease 
(Table 2), respectively. The mean measured tumor size was 4.9 ± 2.5 cm 
(range: 1.0–12.3 cm) and all tumors had a solid morphology, so that 
ADC values could be assessed appropriately. 

For all patients in total, the mean SUVmax in PET/MRI was 
13.6 ± 8.1, the mean SUVmean was 6.7 ± 4.3, the mean ADCmin 
428.4 ± 189.8 × 10−5 mm2/s and the mean ADCmean was 

Table 1 
MR-sequence parameters.  

Name Region Orientation TR (ms) TE (ms) Time (min) Matrix size Slice thickness (mm) FOV (mm) 

EPI-DWI thorax transverse 17,900 78 3:01 160 × 120 5 450 × 330 
T2 BLADE TSE (breath hold) thorax transverse 4360 160 2:29 384 × 384 5 400 × 400 
T2 TrueFISP thorax coronal 3.75 1.64 1:20 320 × 330 6 330 × 330 
T2 HASTE thorax coronal 649 51 0:48 320 × 288 6 330 × 330 
T1 FLASH thorax transverse 1510 2.15 1:20 320 × 256 5 400 × 325 
T1 FLASH (after contrast injection, T1 = 1200) thorax transverse 1700 3.33 1:20 256 × 205 7.5 450 × 366  

Table 2 
Patients demographics and tumor characteristics of all 92 patients.   

Dead Alive Both 

Men 33 15 48 
Women 26 18 44 
Mean Age 

(at time of data collection in years) 
64.6 ± 10.8 68.3 ± 9.4 66.0 ± 10.4 

Histological subtype    
Adenocarcinoma 34 18 52 
Squamous-cell carcinoma (SCC) 14 8 22 
Adenosquamous carcinoma (ASC) 2 0 2 
Large cell neuroendocrine carcinoma 

(LCNEC) 
4 3 7 

Not further classified 5 4 9 
Tumor stage    
I 6 10 16 
II 5 5 10 
III 25 10 35 
IV 23 8 31 
Tumor size 

(largest diameter in cm) 
4.1 ± 1.8 3.9 ± 2.1 4.0 ± 1.9  
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942.3 ± 209.0 × 10−5 mm2/s. Unadjusted analysis of SUVmax and SUV-
mean as independent predictors for the OS revealed a HR of 2.37 (95 % CI: 
1.23–4.59, p = 0.008) and 1.85 (95 % CI: 1.05–3.26, p = 0.03) while 
ADCmin and ADCmean obtained a HR of 0.95 (95 % CI: 0.57–1.59, 
p = 0.842) and 2.01 (95 % CI: 1.2–3.38, p = 0.007) (Table 3, Fig. 4). 

The combined analysis of tracer uptake and DWI by creating the ratio 
of SUVmax / ADCmin resulted in a not significant correlation with the 
overall survival with a HR of 1.75 (95 % CI: 0.97–3.15, p = 0.058), while 
SUVmax / ADCmean and SUVmean / ADCmean yielded statistical significant 
results with a HR of 2.01 (95 % CI: 1.10–3.67, p = 0.02) and 1.78 (95 % 
CI: 1.02–3.10, p = 0.04), but worse compared to SUVmax alone (Table 3, 
Figs. 2–4). A subgroup analysis for different tumor entities and tumor 
stages was not performed due to the small size of the individual sub- 
cohorts. 

4. Discussion 

NSCLC is by far the leading cause of cancer related death every year 
[1]. To decrease these numbers, it is essential to identify patients who 
are at risk for an unfavourable course of the disease as early as possible 
and modifying treatment accordingly. Therefore, prognostic factors are 
necessary to indicate the cases who will attain the most benefit from an 
optimized treatment regime. 

SUVmax is an established parameter in hybrid imaging diagnosis, 
mainly due to its high reproducibility and availability. Especially the 
prognostic value of SUVmax has widely been investigated, showing a 
correlation between a high SUVmax and increased cancer recurrence and 
poor prognosis in several cancer entities [18,20,21]. In early stage 
NSCLC the SUVmax as a predictor for the OS revealed conflicting results 
so far [24–27]. 

With the introduction of PET/MRI, simultaneous PET- and DWI- 
measurements are possible, enhancing PET with additional informa-
tion derived from functional MRI. According to prior studies, an inverse 
correlation between SUV and ADC in therapy-naive NSCLC can be ex-
pected, because the increased cellular density in malignant lesions leads 
to a restriction of water diffusion in the interstitial space, resulting in 
lower ADC values than in scar tissue or necrosis [13,14,16,39,40]. Still, 
ADC values as further prognostic factor for OS in therapy-naive NSCLC 
patients have not been examined so far. 

The results of our study underline the importance of SUVmax and 
SUVmean as a possible prognostic marker for OS in therapy-naive NSCLC, 
showing a significant correlation between high SUV values and a poor 
prognosis, regardless of the histological subtype and the tumor stage. 
The results are consistent with previous studies: In a meta-analysis by 
Dong et al. SUV values were considered to be good prognostic markers in 
early stage NSCLC in patients undergoing 18F-FDG PET/CT [23]. The 
study of Horne et al. supports this thesis: According to their data SUVmax 
served as a reliable prognostic factor for progression-free survival in 
stage I NSCLC in 18F-FDG PET/CT examinations [24]. 

In this context, however, it is important to note that PET/MRI re-
quires a different attenuation correction than PET/CT. In combined 
PET/CT, the CT provides useful data about tissue density, which can 
directly be easily transformed to be used for CT-based attenuation 
correction (CTAC) while the MR-signal is not related to radiodensity of 

the examined tissue. The most frequently used MR-based attenuation 
correction (MRAC) relies on a tissue classification by using a Dixon- 
based two-point (fat, water) sequence to generate a four-compartment 
attenuation map (μ-map, background air, lungs, fat, muscle). Hence, 
the discrepancy in MRAC and CTAC may result in differences of SUV 
measurements. However, former studies already proved a good corre-
lation between SUV measurements between PET/CT and PET/MRI ex-
aminations, confirming that SUV values derived from PET/MRI can be 
considered as reliable in clinical routine [13,41–43]. Therefore, it is not 
surprising that the inverse correlations between SUVmax and SUVmean 
with OS initially described in PET/CT can also be observed in PET/MRI. 

In our cohort, however, we did neither observe an additional value of 
ADCmin nor ADCmean measurements in the prediction of OS. ADCmean 
even showed an unexpected negative correlation with the OS. In our 
opinion, this finding is caused by the overrepresentation of patients 
suffering from stage III or IV lung cancer. As postulated in a previous 
study, it is probable that tumor necrosis is more frequent in more 
advanced tumor lesions, thus increasing ADC values [16]. A morpho-
logical correlation for the necrosis does not necessarily have to be 
visible, since changes take place on a cellular level. On the other hand 
the glucose metabolism of adjacent vital tumor cells might remain high 
leading to barely unaltered high SUV values [16]. 

Accordingly, the combined analysis of tracer uptake and tumor 
cellularity by investigating ratios of SUVmax, SUVmean and ADCmin, 
ADCmean did not detect a ratio that is suitable for the usage as a pre-
dictive value in NSCLC patients. Here, only the ratio of SUVmax and 
ADCmean resulted in a statistically significant correlation, however, in 
comparison to SUVmax alone, without any added benefit. 

Especially in the lung, MRI imaging has to cope with several prob-
lems: ADC values are measured in free-breathing, leading to cardiac and 
respiratory motion, further deteriorated by aortic pulsation and esoph-
ageal peristalsis. Furthermore the commonly employed echo-planar se-
quences are prone to geometric distortions from magnetic susceptibility 
effects of the air-filled lung parenchyma, aggravating the application of 
DWI-MRI for evaluating lung tumors [44–46]. Furthermore, it must be 
taken into account, that DWI still suffer from a lack of standardization. 
Here, several studies already show that intrapatient and interscanner 
repeatability in DWI in different vendors and different field strengths is 
still problematic, thus necessitating further standardization [16,44,47, 
48]. 

This study has some limitations. First of all, all patients received a 
whole-body 18F-FDG-PET/CT and subsequently a dedicated 18F-FDG 
PET/MRI. The long waiting time after tracer injection for the PET/MRI 
examination may have an impact on SUV values due to tracer decay and 
a different tracer distribution, as described by Cheng et al. [49]. 
Furthermore, conventional diffusion-weighted imaging was performed 
in this study using a single-shot echo-planar sequence (EPI). To improve 
the image quality and reduce spatial blurring and susceptibility arte-
facts, new DWI-sequences like readout-segmented DWI (rs-DWI, 
RESOLVE) and radially sampled FSE methods have recently been 
developed at expense of increased acquisition time. It is possible, that 
ADC measurements will become more reliable with these methods, here, 
further research is necessary. Moreover, the results in this study have 
only been tested for internal validity. An external validation has not 
been done. Despite the size of our cohort compared to previously pub-
lished studies, a valid subgroup analysis, especially differentiating the 
tumor stages, histological subtypes or treatment responses is still not 
possible. With increasing use of PET/MRI in clinical routine, the reali-
zation of appropriate subgroup analyses becomes feasible and useful in 
future. However, in accordance with the literature, SUV values seem to 
be useful as reliable parameters for OS in NSCLC subgroups [23,25]. In 
accordance with our study, additional benefits from ADC are not yet 
described. 

In conclusion, this study underlines the value of SUVmax and SUVmean 
as an independent prognostic marker for overall survival in NSCLC pa-
tients. ADC as a further independent prognostic marker, however, has to 

Table 3 
P-values and hazard ratios of all measurements.  

Name p-value HR HR 95 % CI 

SUVmax 0.008 2.37 1.23 - 4.59 
SUVmean 0.03 1.85 1.05 - 3.26 
ADCmean 0.007 2.01 1.20 - 3.38 
ADCmin 0.842 0.95 0.57 - 1.59 
SUVmax_ADCmean 0.02 2.01 1.10 - 3.67 
SUVmax_ADCmin 0.058 1.75 0.97 - 3.15 
SUVmean_ADCmean 0.04 1.78 1.02 - 3.10 
SUVmean_ADCmin 0.105 1.58 0.90 - 2.75  
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Fig. 2. Images of a 70-year-old female patient with a histological proven NSCLC in the left upper lobe with tumor stage III (cT4cN1cM0). The tumor manifestation 
reveals a strong metabolic activity on fused 18F-FDG PET/MR images (A), shows infiltration of the thoracic wall (B, T2w Haste image) as well as restricted diffusivity 
(C, DWI b-1000; D, ADC-Map, see arrow). 

Fig. 3. Images of a 76-year-old male patient with a histological proven NSCLC in the left upper lobe (tumor stage IV, cT3cN3cM1a) The tumor manifestation reveals 
a strong metabolic activity on fused 18F-FDG PET/MR images (A), but just a slight diffusion restriction (C, DWI b-1000; D, ADC-Map, see arrow). 
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be considered as inferior to SUVmax. A combined analysis of glucose 
metabolism and tumor cellularity by creating ratios between SUVmax, 
SUVmean and ADCmin, ADCmean did not lead to further improvements in 
predicting overall survival compared to SUVmax. Hence, we have to 
conclude that the multiparametric evaluation of NSCLC patients in 18F- 
FDG PET/MRI by a combined analysis of SUV and ADC is not superior to 
sole SUVmax measurements in the prediction of overall survival. 
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Fig. 4. Kaplan-Meier Curves of SUV and ADC values and for ADC/SUV ratios. Survival proportion against time in days are plotted in each diagram. The study cohort 
is divided into a low risk (blue) and a high risk (red) group. Cut off values are presented in the lower left corner. 
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[9] P. Heusch, C. Buchbender, J. Köhler, F. Nensa, T. Gauler, B. Gomez, et al., Thoracic 
staging in lung cancer: prospective comparison of 18F-FDG PET/MR imaging and 
18F-FDG PET/CT, J. Nucl. Med. 55 (3) (2014) 373–378. 

[10] B.M. Schaarschmidt, J. Grueneisen, M. Metzenmacher, B. Gomez, T. Gauler, 
C. Roesel, et al., Thoracic staging with (18)F-FDG PET/MR in non-small cell lung 
cancer - does it change therapeutic decisions in comparison to (18)F-FDG PET/CT? 
Eur. Radiol. 27 (2 Febuary) (2017) 681–688. 

[11] J. Kirchner, L.M. Sawicki, F. Nensa, B.M. Schaarschmidt, H. Reis, M. Ingenwerth, et 
al., Prospective comparison of 18 F-FDG PET/MRI and 18 F-FDG PET/CT for 
thoracic staging of non-small cell lung cancer, Eur. J. Nucl. Med. Mol. Imaging 46 
(2) (2019) 437–445. 

[12] O. Martin, B.M. Schaarschmidt, J. Kirchner, S. Suntharalingam, J. Grueneisen, 
A. Demircioglu, et al., PET/MRI versus PET/CT in whole-body staging: results from 
a unicenter observational study in 1003 subsequent examinations, J. Nucl. Med. 
(December) (2019) jnumed.119. 

[13] P. Heusch, C. Buchbender, J. Köhler, F. Nensa, K. Beiderwellen, H. Kühl, et al., 
Correlation of the apparent diffusion coefficient (ADC) with the standardized 
uptake value (SUV) in hybrid 18F-FDG PET/MRI in non-small cell lung cancer 
(NSCLC) lesions: initial results, RoFo Fortschritte auf dem Gebiet der 
Rontgenstrahlen und der Bildgeb Verfahren. 185 (11) (2013) 1056–1062. 

[14] M. Regier, T. Derlin, D. Schwarz, A. Laqmani, F.O. Henes, M. Groth, et al., 
Diffusion weighted MRI and 18F-FDG PET/CT in non-small cell lung cancer 
(NSCLC): Does the apparent diffusion coefficient (ADC) correlate with tracer 
uptake (SUV)? Eur. J. Radiol. 81 (10) (2012) 2913–2918. 

[15] R. Rakheja, H. Chandarana, L. DeMello, K. Jackson, C. Geppert, D. Faul, et al., 
Correlation between standardized uptake value and apparent diffusion coefficient 
of neoplastic lesions evaluated with whole-body simultaneous hybrid PET/MRI, 
Am J Roentgenol. 201 (5) (2013) 1115–1119. 

[16] B.M. Schaarschmidt, C. Buchbender, F. Nensa, J. Grueneien, B. Gomez, J. Köhler, et 
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A B S T R A C T   

Objectives: To investigate a correlation between 68Ga-DOTATOC PET/MR imaging parameters such as arterial 
and venous contrast enhancement, diffusion restriction, and maximum standardized uptake value (SUVmax) 
with histopathological tumor grading in patients with neuroendocrine neoplasms (NEN). 
Material and methods: A total of 26 patients with newly diagnosed, therapy-naive neuroendocrine neoplasms 
(NEN) were enrolled in this prospective study and underwent 68Ga-DOTATOC PET/MRI. Images were evaluated 
regarding NEN lesion number and location, predominant tumor signal intensity on precontrast T1w and T2w 
images and on postcontrast arterial and portal venous phase T1w images, apparent diffusion coefficient (ADC) 
and SUVmax. Histopathological tumor grading was assessed and related to PET/MRI features using Pearson’s 
correlation coefficient and Fisher’s exact t-test. A binary logistic regression analysis was performed to evaluate a 
potential relation with an aggressive tumor biology and odds ratios (OR) were calculated. 
Results: There was a moderate negative correlation between arterial contrast enhancement and tumor grading 
(r=-0.35, p = 0.005), while portal venous enhancement showed a weak positive correlation with the Ki-67 index 
(r = 0.28, p = 0.008) and a non-significant positive correlation with tumor grading (r = 0.19, p = 0.063). Features 
that were significantly associated with an aggressive tumor biology were the presence of liver metastases (OR 
2.6, p = 0.042), T1w hyperintensity in comparison to muscle (OR 12.7, p = 0.0001), arterial phase hyper-
enhancement (OR 1.4, p = 0.001), diffusion restriction (OR 2.8, p = 0.02) and SUVmax above the hepatic level 
(OR 7.0, p = 0.001). 
Conclusion: The study reveals that PET/MRI features might be useful for prediction of NEN grading and thus 
provide a preliminary assessment of tumor aggressiveness.  
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1. Introduction 

Neuroendocrine neoplasms (NEN) are considered to be rare, causing 
about 1 % of all neoplasms worldwide with an incidence of approxi-
mately 7/100,000 [1]. However, due to new detection possibilities, the 
incidence has increased considerably over the last decades [2]. NENs are 
a heterogeneous group of tumors that arise from the endocrine system 
throughout the body with a large range of histological appearance, 
hormonal activity, molecular signature and in degree of aggressiveness 
[3]. Due to this heterogeneity, both treatment and treatment response as 
well as prognosis can vary drastically depending on the type of NEN [4]. 
The most common NEN manifestation in Western populations is the 
small bowel, while rectal NEN are predominant in Asia. Other common 
locations of NEN are the pancreas, lungs, and stomach [2,4,5]. Ac-
cording to the current World Health Organization (WHO) classification 
of 2017 NEN can be histopathologically divided into well and poorly 
differentiated types. The well differentiated neuroendocrine tumors 
(NET) can additionally be subcategorized as low-grade (G1, Ki-67 < 3 
%), intermediate-grade (G2, Ki-67 3–20 %), or high-grade (G3, 
Ki-67 > 20 %), based on the mitotic rate and the Ki-67 index [4,6,7]. 
Poorly differentiated neoplasms with a large-cell or small-cell type are 
designated neuroendocrine carcinomas (NECs) and also categorized as 
grade 3 [4]. 

By means of highly somatostatin receptor (SSTR) avid 68Ga-labelled 
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacedic acid (DOTA) pep-
tides, such as 68Ga-DOTA-Phel-Tyr3-octreotide (DOTATOC) for positron 
emission tomography (PET) in combination with computed tomography 
(CT) or magnetic resonance imaging (MRI) in hybrid imaging, the 
detection rate of even very small lesions has significantly improved in 
the last few years. For this reason, 68Ga-DOTA peptide-based PET/CT or 
PET/MR imaging has lately become the imaging gold standard for NEN. 
Due to the higher soft tissue contrast of MRI and functional imaging 
sequences such as diffusion-weighted imaging (DWI), PET/MRI was 
recently found to offer better detectability and visibility of NEN lesions 
compared to PET/CT [8–12]. In addition to the benefits of an improved 
NEN detection, results from several studies have suggested that 
68Ga-DOTATOC PET/MRI might be the most useful imaging method to 
predict the tumor grade and aggressiveness of NEN [13–19], especially 
since it allows a truly simultaneous acquisition of morphological and 
functional MR sequences and PET images. For instance, as DWI from 
MRI is a surrogate parameter for tumor cell density, which can be 
quantified by the apparent diffusion coefficient (ADC) [13], a correla-
tion analysis between ADC and tumor grading could show an association 
between these features and allows a non-invasive assessment of tumor 
aggressiveness [13–15]. Furthermore, it has been found that an 
increasing dedifferentiation of NENs leads to a decrease in SSTR 
expression and thus in SUV on DOTATOC PET imaging. Imaging features 
of NENs on contrast enhanced MRI or CT scans include an intense 
arterial and venous enhancement [17]. However, recent studies show 
that a large proportion of tumors can also show less perfusion, especially 
for G2/G3 tumors [18,19]. Since the right treatment heavily depends on 
the grade of the tumor, image-based characterization of NEN histopa-
thology and selection of suitable biopsy sites is highly desirable [16]. 
Few studies have investigated a correlation between NEN 
contrast-enhancement and tumor grading in MRI so far [6,20], yet, to 
our best knowledge, this is the first study to use various, simultaneously 
acquired 68Ga-DOTATOC PET/MRI data for this purpose. 

Therefore, the aim of this study was to correlate the extent of contrast 
enhancement, diffusion restriction and SUV in hybrid 68Ga-DOTATOC 
PET/MRI with tumor grading in therapy-naive NEN patients. 

2. Material and methods 

2.1. Patients 

This study was performed in conformance with the Declaration of 

Helsinki [21] and approved by the local ethics committee. All patients 
had signed a written informed consent form prior to enrolment. Between 
January 2013 and August 2019, a total of 26 patients (mean age 
61.7 ± 14.1 years; range 24–85 years, 11 women, 15 men) with histo-
pathologically confirmed, treatment-naive NENs were included in this 
prospective study. All patients underwent a diagnostic 68GA-DOTATOC 
PET/MRI scan. The scans were performed in accordance with the EANM 
guidelines on DOTATOC PET imaging [22]. Exclusion criteria were any 
sort of systemic oncologic therapy before histological sampling, second 
malignancy, age < 18 years, and contraindications for PET/MRI. 

2.2. PET/MRI 

The 68GA-DOTATOC PET/MRI scans were performed on an inte-
grated 3-Tesla PET/MRI device (Biograph mMR, Siemens Healthineers, 
Erlangen, Germany) with an average delay of 78.4 ± 38.2 min after 
intravenous injection of a mean dosage of 72.5 ± 11.2 MBq 68Ga- 
DOTATOC. Adapted to the respective question, 18 patients received a 
whole-body examination (head to mid-thigh), while 8 patients under-
went an abdominal examination only. A gadolinium-based contrast 
agent (0.2 mmol/kg body weight, Dotarem, Guerbet GmbH, Germany) 
was administered in all patients. 

PET images were performed simultaneously with the MRI data 
acquisition and an acquisition time of 4 min per bed position. PET 
datasets were reconstructed utilizing an iterative ordered-subset 
expectation maximization (OSEM) algorithm, three iterations and 21 
subsets, and a Gaussian filter with 4-mm full-width at half maximum 
(FWHM) and a 344 × 344 image matrix. 

A two-point (fat, water) transaxial high-resolution CAIPIRINHA 
(CAIPI)-accelerated 3D-Dixon-VIBE (Volume Interpolated Breath-hold 
Examination) sequence was acquired for MR-based PET attenuation 
correction and scatter correction, generating a coronal four- 
compartment model (background, lungs, fat, muscle) [23]. In addi-
tion, a bone atlas correction and a truncation correction as proposed by 
Blumhagen et al. was applied. The dedicated 68Ga-DOTATOC PET/MRI 
protocol consisted in most patients of the following sequences (Table 1):  

1 A whole-body transverse T2-weighted (T2w) fat-suppressed half 
Fourier acquisition single shot turbo spin echo (HASTE) sequence in 
respiratory medium position and a slice thickness of 7 mm.  

2 A whole-body axial T1-weighted (T1w) fat-suppressed (fs) (VIBE) 
sequence in respiratory medium position and a slice sickness of 
3.5 mm.  

3 A whole-body transverse non-motion corrected diffusion-weighted 
echo-planar imaging (EPI DWI) sequence (b values 0, 500, 1000) 
in respiratory medium position with a slice thickness of 5 mm.  

4 Repeated axial sequences (T1w, fs, VIBE) of the upper abdomen for 
dynamic liver imaging (arterial phase, portal venous phase, delayed 
phase) following intravenous administration of a gadolinium-based 
contrast agent.  

5 A whole-body transversal T1-weighted (T1w, fs, VIBE) sequence 
after intravenous injection of a gadolinium-based contrast agent 
(0.2 mmol/kg body weight, Dotarem, Guerbet GmbH, Germany) 
with a slice thickness of 3 mm. 

In 8 patients who underwent only an abdominal examination, dy-
namic liver imaging was not performed or with coronary sequences 
instead of axial pictures. For better comparability, arterial enhancement 
was not considered in these patients. The further protocol remained 
unchanged. 

2.3. Image analysis 

The datasets of the 68Ga-DOTATOC PET/MRI examination were 
analysed in two separate reading sessions by two independent radiolo-
gists with 2 and 5 years of experience in hybrid imaging at least two 
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weeks apart to avoid recognition bias. Analysis was performed on a 
dedicated Osirix Workstation (Pixmeo SARL, Bernex, Switzerland). 
Among other imaging features, diffusion restriction and visually 
increased 68Ga-DOTATOC uptake above the surrounding background 
level were regarded as suspicious for NET. Up to five largest lesions per 
organ were evaluated per patient. 

Following imaging parameters were obtained for all lesions: (i) NEN 
lesion number, (ii) location, (iii) predominant signal intensity on pre-
contract T1w and T2w images, (iv) predominant signal intensity on 
postcontrast arterial and portal venous phase T1w sequences, (v) 
diffusion restriction (ADC) and (vi) SUVmax. As previously described by 
Canellas et al. [6] lesions were characterized as having hypo-
intense/isointense or hyperintense signal intensity relative to the sur-
rounding tissue. Accordingly, on the postcontrast arterial and venous 
phase T1-weighted fat-saturated MR images NEN lesions were charac-
terized as hypoenhancing, isoenhancing or hyperenhancing in relation 
to the surrounding tissue and to the autochthonous back muscles on the 
same slide. For DWI quantification, an ADC map was generated utilizing 
a dedicated hybrid imaging system software (syngo VB18 P, Siemens 
Healthineers GmbH, Germany). A high signal intensity in DWI and a 
corresponding low signal in the ADC map was regarded as diffusion 
restriction. The lowest ADC value per tumor (ADCmin) was measured by 
placing a manually drawn polygonal region of interest (ROI) exactly 
around the tumor mass. Additionally, we measured the maximum 
standardized uptake value (SUVmax) of each lesion. Therefore, a free-
hand isocontour volume of interest (VOI) was drawn over the tumor 
mass on attenuation-corrected PET images. In order to obtain consistent 
results, visible necrosis was not measured if possible. In conformity with 
previous studies [12] lesion shape, signal intensity and contrast 
behaviour were taken into account of lesion characterization. 

2.4. Reference standard 

Histopathology served as reference standard in all 26 patients. In 16 
patients histological data were obtained from the resectate of the pri-
mary tumor in order to receive the most accurate histological sampling. 
In 9 of 16 patients further metastases were already present at time of 
resection. In 5 patients resection was performed due to potential 
resectable liver metastases and in 4 patients to prevent complications 
(small bowel and colon/rectum). In 7 patients histology was confirmed 
by liver biopsy, for example in cancers of unknown primary (CUP), and 
in 3 patients by endoscopic ultrasound-guided fine-needle aspiration 
biopsy (EUS-FNA) of the pancreas. Based on the 2017 WHO classifica-
tion [4], the NENs were divided into well- and poorly differentiated 
categories. The well-differentiated neuroendocrine tumors (NETs) were 
further subdivided utilizing the mitosis rate and Ki-67, which is a marker 
for the growth rate of tumors, as low-grade (G1, Ki-67 < 3 %), 
intermediate-grade (G2, Ki-67 3–20 %), and high-grade (G3, Ki-67 > 20 
%). The poorly differentiated large-cell or small-cell neuroendocrine 
carcinomas (NECs) were assigned to high-grade G3, Ki-67 > 20 %. The 
exact Ki-67 values were available in 23 of 26 patients (missing in 1 
patient with grade 3, 1 patient with grade 2, and 1 patient with grade 1). 

2.5. Statistical analysis 

SPSS Statistics version 24 (IBM, Armonk, NY, USA) was used for 

statistical analysis. All data are presented as mean ± standard deviation. 
A p value < 0.05 was considered to indicate statistical significance. For 
correlation analysis of aforementioned parameters and Ki-67 index, the 
Pearson’s correlation coefficient was applied. In conformity with the 
classification by Cohen [24], the correlation coefficient was subdivided 
into the three groups, (i) weak correlation (r ≤ 0.3), (ii) moderate cor-
relation (r = 0.3 – 0.5), and (iii) strong correlation (r > 0.5). According 
to the literature, the likelihood of all estimated PET and MRI features to 
predict a more aggressive tumor biology (G2/G3) was independently 
examined using binary logistic regressions and odds ratios were 
computed. To investigate statistically significant differences Fisher’s 
exact test was applied. 

3. Results 

A total of 26 therapy-naive NEN patients with 101 NEN lesions were 
included in this study, for primary tumor location and grade see Table 2. 
The number of tumors, divided according to tumor grading, does not 
allow any conclusions about the severity of disease, since a maximum of 
5 lesions was measured per organ and the liver in particular presented 
often more metastases. In total, there was only one patient with G1 and 
at least 5 liver metastases, while 8 patients in stage G2/G3 had at least 5 
liver metastases. 

In the correlation analysis a moderate negative correlation was found 
between an arterial contrast enhancement and tumor grading (r = -0,35, 
p = 0.005, Fig. 1). There was a non-significant, weak correlation be-
tween arterial contrast enhancement and Ki-67 index (r = -0.18, 
p = 0.19). Also, we found a positive weak correlation of portal venous 
contrast enhancement with the Ki-67 index (r = 0.28, p = 0.008, Fig. 2) 
and with tumor grading (r = 0.19, p = 0.063). A non-significant negative 
weak correlation between the SUVmax and tumor grading (r = -0.11, 
p = 0.27) and between ADCmin and tumor grading (r = -0.15, p = 0.37) 
was observed. 

Table 3 shows PET and MRI features in all lesions according to tumor 
grade. Of note are the following features, in which an association with 
an aggressive tumor biology (G2/G3) has been discovered: [1] presence 

Table 1 
Sequence parameters of the diagnostic MRI sequences.  

Sequence Orientation Contrast agent TA (s) TE/TR (ms) Slice thickness (mm) Matrix size FOV (mm) 

T2w HASTE Axial No 66 117/1500 7.0 320 × 259 450 × 366 
T1w fs VIBE Axial No 18 1,5/4.1 3.5 512 × 317 400 × 300 
EPI DWI Axial No 369 86/11,900 5 192 × 144 380 × 285 
T1w fs VIBE (dynamic) Axial Yes 18 1.5/4.1 3.5 512 × 307 400 × 300 
T1w fs VIBE Axial Yes 18 1.5/4.1 3.5 512 × 307 400 × 300  

Table 2 
Patient demographics.  

Demographics Number Percentage 

Gender (M:W) 15:11 57.7:43.3 
Age (year ± SD) 61.7 ± 14.1  
Primary tumor location   
Small bowel 4 15.4 
Stomach 2 7.7 
Adrenal gland 1 3.8 
Pancreas 10 38.5 
Colon/Rectum 3 11.6 
Lung 1 3.8 
Cervix 1 3.8 
CUP 4 15.4 
WHO Grade   
Grade 1 10 38.5 
Grade 2 11 42.3 
Grade 3 5 19.2 

NET 4 15.4 
NEC 1 3.8 

median Ki-67 index (range)  5 (1−50)  
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of liver metastases (19/35 vs. 50/66, OR = 2.6, p = 0.042) [2]; hyper-
intensity in precontrast T1-weighted images compared to muscle (4/35 
vs. 41/66, OR = 12.7, p = 0.0001); and [3] hyperenhancing in arterial 
phase compared to the surrounding tissue (OR = 1.4, p = 0.001). The 
latter appeared counter-intuitive as all of the G1-lesions (10/10) but 
only 25/55 (45.5 %) of G2/G3 had an arterial hyperenhancement; 
however it might be a statistical effect due to the higher absolute 
number of G2/3 lesions in the study cohort. [4] Diffusion restriction 
(10/35 vs. 35/66, OR = 2.8, p = 0.02) and [5] SUVmax value above liver 
level (21/33 vs. 61/66, OR = 7, p = 0.001) (Fig. 3, Fig. 4). 

4. Discussion 

The present study shows that simultaneously acquired 68Ga-DOTA-
TOC PET/MRI features such as arterial and portal venous enhancement 

as well as diffusion restriction and SUVmax values correlate with tumor 
grading/Ki-67 index in therapy-naive NEN patients, suggesting a role for 
68Ga-DOTATOC PET/MRI to potentially indicate an aggressive tumor 
histopathology. 

Tumor grading has been discovered to be a helpful predictor of 
clinical outcome of NEN patients [25]. Therefore, an early and accurate 
tumor grading prior to therapy plays a decisive role in the treatment 
decision of NEN patients. While in localized stages well-differentiated 
G1 and G2 tumors are treated with curative intent, G3 tumors or NEC 
are primarily addressed by systemic approaches. Furthermore, tumor 
grading determines intervals in diagnostic aftercare [26]. Currently, 
primary NEN histology is often obtained by EUS-FNA and liver biopsy. 
However, these procedures have limitations, since only a small piece of 
tissue is assessed and the tumor hotspot might not be included in the 
sample. As a result, misclassification of tumors can occur [27,28]. 

Fig. 1. Contrast-enhancement in arterial phase in comparison with WHO tumor grading in NETs.  

Fig. 2. Contrast-enhancement in portal venous phase in comparison with WHO tumor grading in NETs.  
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Therefore, other non-invasive methods, such as oncologic imaging 
should serve as a helpful alternative to predict tumor grading as accu-
rately as possible, prior to a potentially extensive abdominal surgery. 

In addition to established imaging criteria like local invasion or the 
presence of metastases, Jang et al. discovered that NEN lesion hyper-
enhancement in the arterial phase occurs more frequently in pancreatic 
G1 tumors compared to G2/G3 tumors in MRI [20,29]. This is supported 
by our results showing that 100 % of G1 tumors had arterial hyper-
enhancement compared to only 45.5 % of G2/G3 tumors. Furthermore, 
we found that the Ki-67 index had a significantly positive correlation 
with NEN lesion enhancement in the portal venous phase, meaning that 
higher proliferative NEN lesions had a stronger venous enhancement. As 
a possible explanation, this might have been due to incipient necrosis 
and increasing heterogeneity by the high proliferative tumors, so that 
the perfusion is delayed and hyperenhancement is seen rather in portal 
venous phase. This is consistent with the fact that necrosis is generally 
more frequently observed in advanced tumor lesions [30]. Although it 
has been avoided to measure necrotic tumor areas, a morphological 
correlation for necrosis is not necessarily visible, since changes might 
only occur on a cellular level [30]. 

Pancreatic NEN grading by means of DW-MRI has already been 
examined in studies [14,31,32]. Even though a significant negative 
correlation between ADC values and tumor grade, as for example 
described by Kim et al. [31] and Pereira et al. [14], could not be found in 
our study, diffusion restriction was 2.8 times more frequent in aggres-
sive tumor grades (p = 0.02), supporting previous results by De Robertis 
et al. [33] and Canellas et al. [6]. 

When comparing PET parameters like SUVmax with tumor grading 
or the Ki-67 index, very similar results could be observed: SUVmax 
values above liver level were seven times more frequent in aggressive 
tumor grades (p = 0.001). The study of Kayani et al. supports these re-
sults in a study with 38 patients with neuroendocrine tumors using 68Ga- 
DOTATATE and 18F-FDG in combined PET/CT and was even able to 
determine a significant correlation with tumor grading [34]. 

Our study has some limitations. First, the study cohort of 26 patients 
was rather small. However, NENs are rare tumors and primary staging is 
seldom performed on PET/MRI. Second, this study did not exclusively 
examine entero-pancreatic NEN, but all types of NEN were included. Ki- 
67 index was missing in three patients. Also, in some lesions the cystic 
and necrotic areas might not have been completely excluded from 
measurement which could to some minor extent have affected the re-
sults, for example increase ADC values of aggressive tumors. Finally, 
different types of biopsies were included as described above and 
therefore, an undergrading of some tumors due to limited sampling is 
possible. However, in cases with surgically resected NEN, histopathol-
ogy from the whole specimen was obtained. 

In conclusion, the present study indicates that 68Ga-DOTATOC PET/ 
MRI features like arterial and portal venous enhancement, diffusion 
restriction and SUVmax are associated with tumor grading and might be 
used to predict NEN grade and aggressiveness in a non-invasive one- 
stop-shop examination. 

Ethical approval 

All procedures performed were in accordance with the ethical stan-
dards of the institutional research committee and with the principles of 
the 1964 Declaration of Helsinki and its later amendments. 

Informed consent 

The study was approved by the institutional review board (IRB) and 
written informed consent was waived by the IRB. Informed consent was 
obtained from all individual participants included in the study. 

Table 3 
Distribution of PET and MRI features in comparison to WHO tumor grade in 
neuroendocrine tumors.   

G1 G2 G3 Odds 
ratio 
G1 vs. 
G2/G3 

P value 
G1 vs. 
G2/G3 

Patient number 10 11 5   
Lesion number 35 54 12   
Tumor location      
Small bowel 2 2 0   
Liver 19 45 5 2.6 0.042 
Lymph node 2 1 1   
Stomach 2 0 0   
Adrenal gland 0 0 2   
Osseous 3 1 0   
Pancreas 4 3 3   
Colon/Rectum 2 1 0   
Lung 1 0 0   
Cervix 0 0 1         

Tumor pattern      
T1-weighted image      
Hyperintense to organ 0 (0 %) 2 (3.7 

%) 
0 (0 %) 1.5 0.54 

Isointense/hypointense 
to organ 

35 (100 
%) 

52 
(96.3 
%) 

12 (100 
%)   

Hyperintense to muscle 4 (11.4 
%) 

33 
(61.1 
%) 

8 (66.6 
%) 

12.7 0.0001 

Isointense/hypointense 
to muscle 

31 
(88.6 
%) 

21 
(38.9 
%) 

4 (33.4 
%)   

T2-weighted image      
Hyperintense to organ 27 

(77.1 
%) 

52 
(96.3 
%) 

7 (58.3 
%) 

2.5 0.14 

Isointense/hypointense 
to organ 

8 (22.9 
%) 

2 (3.7 
%) 

5 (41.7 
%)   

Hyperintense to muscle 35 (100 
%) 

54 (100 
%) 

12 (100 
%)   

Isointense/hypointense 
to muscle 

0 (0 %) 0 (0 %) 0 (0 %)         

Arterial phase      
Hyperenhancing to 

organ 
10 (100 
%) 

23 
(51.1 
%) 

2 (20 
%) 

1.4 0.001 

Iso-/hypoenhancing to 
organ 

0 (0 %) 22 
(48.9 
%) 

8 (80 
%)   

Hyperenhancing to 
muscle 

9 (90 
%) 

45 (100 
%) 

9 (90 
%) 

6 0.286 

Iso-/hypoenhancing to 
muscle 

1 (10 
%) 

0 (0 %) 1 (10 
%)         

Portal venous phase      
Hyperenhancing to 

organ 
10 
(28.6 
%) 

4 (7.4 
%) 

6 (50 
%) 

0.45 0.12 

Iso-/hypoenhancing to 
organ 

25 
(71.4 
%) 

50 
(92.6 
%) 

6 (50 
%)   

Hyperenhancing to 
muscle 

35 (100 
%) 

54 (100 
%) 

12 (100 
%)   

Iso-/hypoenhancing to 
muscle 

0 (0 %) 0 (0 %) 0 (0 %)         

Diffusion restriction 
(ADC) 

10 
(28.6 
%) 

26 
(48.1 
%) 

9 (75.5 
%) 

2.8 0.02 

SUVmax 
lesions > SUVmax 
Liver 

21 (60 
%) 

50 
(92.6 
%) 

11 
(91.7 
%) 

7.0 0.001  
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A B S T R A C T   

Objectives: To investigate the influence of contrast agent administration on attenuation correction (AC) based on 
a CAIPIRINHA (CAIPI)-accelerated T1-weighted Dixon 3D-VIBE sequence in 68Ga-DOTATOC PET/MRI. 
Material and methods: Fifty-one patients with neuroendocrine tumors underwent whole-body 68Ga-DOTATOC 
PET/MRI for tumor staging. Two PET reconstructions were performed using AC-maps that were created using a 
high-resolution CAIPI-accelerated Dixon-VIBE sequence with an additional bone atlas and truncation correction 
using the HUGE (B0 homogenization using gradient enhancement) method before and after application of 
Gadolinium (Gd)-based contrast agent. Standardized uptake values (SUVs) of 21 volumes of interest (VOIs) were 
compared between in both PET data sets per patient. A student’s t-test for paired samples was performed to test 
for potential differences between both AC-maps and both reconstructed PET data sets. Bonferroni correction was 
performed to prevent α-error accumulation, p < 0.0024 was considered to indicate statistical significance. 
Results: Significant quantitative differences between SUVmax were found in the perirenal fat (19.65 ± 48.03 %, 
p < 0.0001), in the axillary fat (17.46 ± 63.67 %, p < 0.0001) and in the dorsal subcutaneous fat on level of 
lumbar vertebral body L4 (10.26 ± 25.29 %, p < 0.0001). Significant differences were also evident in the lungs 
apical (5.80 ± 10.53 %, p < 0.0001), dorsal at the level of the pulmonary trunk (15.04 ± 19.09 %, p < 0.0001) 
and dorsal in the basal lung (51.27 ± 147.61 %, p < 0.0001). 
Conclusion: The administration of (Gd)-contrast agents in this study has shown a considerable influence on the 
AC-maps in PET/MRI and, consequently impacted quantification in the reconstructed PET data. Therefore, 
dedicated PET/MRI staging protocols have to be adjusted so that AC-map acquisition is performed prior to 
contrast agent administration.   

1. Introduction 

Due to successful combination of magnetic resonance imaging (MRI) 
and positron emission tomography (PET) into one single hybrid PET/ 
MRI system, diagnostic imaging profits from synergistic effects of both 
modalities [1–4]. While MRI offers an excellent soft tissue contrast and 
provides functional imaging aspects like diffusion weighted imaging 

(DWI), the evaluation of radiotracer metabolism using PET provides 
high sensitivity. The combined analysis of these data increases the 
diagnostic confidence and might change clinical management in onco-
logic applications [5–7]. Furthermore, especially younger patients 
might benefit from the clinically relevant dose reduction in comparison 
to PET/CT [8]. 

During PET data acquisition, photons are attenuated by surrounding 
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body tissues and hardware components before they reach the PET de-
tector [3]. This photon attenuation leads to a systematic bias in 
PET-based tracer quantification, and, consequently, PET data recon-
struction requires accurate means for attenuation correction (AC) in 
order to provide correct quantitative results. 

In PET/CT, CT imaging provides useful information about the elec-
tron density of individual tissues and about the geometric representation 
of photon-attenuating tissues within the body. These data can directly be 
transformed by converting the measured CT-based Hounsfield Units 
(HU) of each tissue to linear attenuation coefficients (LACs) at the PET 
emission energy level of 511 keV. Thus, CT data can be used for CT- 
based attenuation correction (CTAC), which is a well-established 
method in PET/CT [3,9,10]. 

In PET/MRI, attenuation correction is inherently challenging. The 
MR signal is not related to the electron density of examined tissues and 
cannot directly be used for MR attenuation correction (MRAC) [11]. In 
clinical application of PET/MRI the most commonly used method for 
MRAC today is a segmentation approach based on a MR Dixon-VIBE 
(volumetric interpolated breath-hold examination) sequence [11,12]. 
MR images are segmented into four tissue classes (air, lung, fat, soft 
tissue) and a predefined LAC is assigned to each segmented tissue class 
to generate a four-compartment attenuation map, the so-called μmap [3, 
11,13]. In recent years such MRAC methods have been further refined 
and initial limitations compared to CTAC have been reduced by adding 
bone models as further tissue class and by adding truncation correction 
to the μmap such as the fully MR-based HUGE (B0 homogenization using 
gradient enhancement) method proposed by Blumhagen et al. [14,15]. 
In addition, a CAIPIRINHA-accelerated (Controlled aliasing in parallel 
imaging results in higher acceleration) Dixon 3D-VIBE (MRACcaipi) has 
recently been introduced to further improve the spatial resolution of the 
resulting μmaps compared to the initial Dixon-VIBE sequences [16,17]. 

In general, the manufacturers of PET/MRI systems recommend 
acquisition of a non-contrast enhanced Dixon MRAC sequence for μmap 
reconstruction to ensure an optimal tissue classification [18]. Accord-
ingly, the Dixon MRAC sequence has to be performed at the beginning of 
the whole-body PET/MRI examination and, thus, before potential 
administration of intravenous contrast agent. In a clinical setting, 
however, PET/MRI protocols for 68Ga-tracer based examinations often 
consist of two steps: first, whole-body imaging providing an overview 
and second, a dedicated imaging of individual organs, such as in 
68Ga-PSMA for prostate or 68Ga-DOTATOC for gastrointestinal cancer 
imaging. In such protocol setting, the administration of contrast agent 
during the acquisition of whole-body sequences might lead to μmap 
reconstruction with contrast enhanced Dixon MRAC sequences for 
dedicated organ imaging or vice versa. Since Gd-based contrast agents 
lead to a reduction in T1-relaxation of blood and tissue, tissue seg-
mentation in the post-contrast μmap may be influenced and, conse-
quently, falsify PET tracer quantification in whole-body PET/MRI, as has 
been shown in previous studies for an older version of the Dixon MRAC 
sequence [19]. 

According to these practical requirements of the clinical workflow in 
selected PET/MR applications, the purpose of this retrospective study 
was to evaluate a potential influence of (Gd)-contrast agent adminis-
tration on MR-based attenuation correction using a state of the art 
CAIPI-accelerated Dixon-based sequence with high spatial resolution, 
bone atlas and MR-based truncation correction in 68Ga-DOTATOC PET/ 
MRI. The overarching aim of this study is to test, whether the latest 
version of the Dixon MRAC sequence and its segmentation algorithm 
provides identical results before and after contrast agent administration 
in a clinical setting, since this would provide a higher flexibility for the 
planning of complex clinical PET/MRI protocols. 

2. Material and methods 

2.1. Patients 

A total of 51 patients (30 female, 21 male; mean age 55 ± 17 years, 
mean body mass index (BMI) 24.9 ± 4.4 kg/m2) with histopathologi-
cally proven diagnosis of a neuroendocrine tumor were enrolled in this 
retrospective study. In all patients, a whole-body 68Ga-DOTATOC PET/ 
MRI examination and further single-organ PET/MRI examinations were 
performed between August 2018 and January 2020. This study was 
approved by the institutional review board (application number: 20- 
9219-BO) and performed in accordance with the regulations of the 
Declaration of Helsinki [20]. 

2.2. PET/MR imaging 

All PET/MRI examinations were performed using an integrated 3.0- 
Tesla PET/MRI system Biograph mMR (Siemens Healthcare GmbH, 
Erlangen, Germany; Version: syngo MR E11). PET/MRI exams were 
started with an average delay of 48 ± 24 min after injection of a body- 
weight adapted dosage of 68Ga-DOTATOC with a mean activity of 
79 ± 13 MBq. The field of view (FOV) included the body volume from 
head to the mid-thigh. PET images were acquired simultaneously to MRI 
data acquisition with an acquisition time of 3 min per bed position. 
Reconstruction of PET datasets was conducted using an iterative 3D 
ordinary Poisson ordered-subset expectation maximization (3D OP- 
OSEM) algorithm, 3 iterations and 21 subsets, Gaussian filter: Full 
Width at Half Maximum (FWHM) 4.0 mm, scatter correction and a 
344 × 344 image matrix with a voxel size of 2.09 × 2.09 × 2.03 mm. 
Depending on the patient’s height, up to four flexible radiofrequency 
(RF) body array coils were applied together with the spine array and 
head/neck array coils for MR imaging. 

2.3. Attenuation correction 

Tissue AC and scatter correction were performed using the syngo MR 
E11 P software platform (Siemens Healthcare GmbH, Erlangen, Ger-
many). A transaxial acquired high-resolution CAIPIRINHA (CAIPI)- 
accelerated T1-weighted three-dimensional (3D) Dixon-VIBE sequence 
[16], providing four sets of MR images (T1-weighted in- and 
opposed-phase, fat and water images) was applied. This MR image in-
formation serves an in-line image segmentation algorithm to generate a 
five-compartment attenuation μmap (background air, lungs, fat, muscle 
and bone) [21,22] and assigns specific linear LACs to each segmented 
compartment: soft tissue (0.1 cm−1), fat (0.0854 cm−1), lung 
(0.0224 cm−1), air (0.0 cm−1) and continuous LACs for bone (0.1 cm−1 

up to 0.2485 cm−1). The generation of MR-based μmaps for AC and 
scatter correction was performed in coronal orientation. Following scan 
parameters were used for the Dixon-VIBE soft-tissue AC sequence: par-
allel imaging acceleration factor R = 5; matrix 390 × 240 with 
1.3 × 1.3 mm2 in-plane pixel size, 136 slices each 3.0 mm, flip angle 10◦, 
TR 3.8 ms, TE1/TE2 1.2/2.4 ms, TA 10.6 s per bed position. To prevent 
the truncation of external body parts, mainly the arms, due to the limited 
transaxial FOV in MR imaging, the HUGE-technique (B0 homogeniza-
tion using gradient enhancement) proposed by Blumhagen et al. [14] in 
its latest product implementation [15] was applied. 

2.4. MRI protocol 

The MRI protocol in this study comprised the following sequences 
(Fig. 1). MRI contrast-enhancement was achieved with intravenous in-
jection of a gadolinium-based contrast agent (0.2 mmol/kg body weight, 
Dotarem, Guerbet GmbH, Germany). 

Pre-contrast acquisition: 
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1 MRAC: A whole-body axial high-resolution CAIPIRINHA-accelerated 
T1-weighted (T1w) three-dimensional (3D) Dixon-VIBE soft-tissue 
AC sequence with a slice thickness of 3 mm.  

2 HASTE: A whole-body axial T2-weighted (T2w) fat-suppressed (fs) 
half Fourier acquisition single shot turbo spin echo (HASTE) 
sequence in respiratory medium position and a slice thickness of 
7 mm. 

3 DWI: A whole-body transverse diffusion-weighted echo-planar im-
aging (EPI DWI) sequence (b-values 0, 500, 1000) in respiratory 
medium position with a slice thickness of 5 mm. 

Post-contrast acquisition:  

4 T1-VIBE (dynamic): Repeated axial sequences (T1w, fs, VIBE) of the 
upper abdomen for dynamic liver imaging (arterial phase, portal 
venous phase, delayed phase)  

5 T1-VIBE: A whole-body axial T1-weighted (T1w, fs, VIBE) sequence 
with a slice thickness of 3 mm.  

6 MRAC: A whole-body axial high-resolution CAIPI-accelerated T1- 
weighted 3D Dixon-VIBE soft-tissue AC sequence with a slice thick-
ness of 3 mm. 

The acquisition times of AC-maps before and after the administration 
of contrast media were separated by about 15 min in this study. 

2.5. Data processing 

The PET data for each patient was reconstructed twice: 1. using the 
native pre-contrast μmap, and 2. using the post-contrast μmap. Both 
reconstructed PET data sets were then also processed to form PET dif-
ference maps for each patient. These PET difference maps allowed a 
quantitative evaluation of relative differences (SUV) in all PET data as 
described in the following. 

2.6. Image analysis 

All PET images were analyzed with the dedicated image processing 
software OsiriX (Version 9.0.2, Pixmeo SARL, Bernex, Switzerland). The 
two pre- and post-contrast MRAC data (μmaps) for each patient were 
compared slice by slice and MRAC difference maps for each patient were 
reconstructed to visualize relative qualitative differences in resulting 
μmaps as an indicator for potential changes in the μmaps due to contrast- 
agent administration. All resulting μmaps were evaluated for potential 
artifacts. 

Based on the method described by Heusch et al. [23], a total of 21 
subsequent volume of interests (VOIs) were manually drawn for each 
patient data set in the T2-HASTE sequence: a 3.0 cm3 VOI in physio-
logical liver tissue (unremarkable appearance on MR and PET) in the 

right liver lobe (Segment VII). If this was not possible, e.g. due to tumor 
infiltration or resection, liver segment II was chosen; 1.0 cm3 VOIs were 
placed in physiological tissue of the left ventricular myocardium (apical 
left ventricular wall), the lung (7 VOIs: right lung apical above aortic 
arch; right ventral, dorsal and medial on level of the pulmonary trunk 
and in the basal lung), mediastinal blood pool (right atrium), perirenal 
and perirectal fat, subcutaneous fat (5 VOIs: axillary right, right ventral 
and dorsal on level of lumbar vertebral body L4, right ventral and dorsal 
on level of the femoral head), urinary bladder, psoas muscle and bone 
marrow (on level of L4 vertebral body) (Fig. 2). Afterwards, the 
68Ga-DOTATOC PET images, reconstructed using both μmaps acquired 
before and after administration of contrast medium, were fused with the 
HASTE-sequence, so that the 21 VOIs per patient in each of the two PET 
datasets were measured in exactly the same position. A potential mini-
mal deviation due to patient movement between the acquisitions of both 
μmaps was neglected. In the 21 VOIs SUVmax, SUVmean and SUVpeak 
were assessed for every organ site. Relative difference images between 
pre- and post-contrast agent μmaps and reconstructed PET data were 
calculated using Matlab (MATrixLABoratory, Mathworks, Natick, USA). 

2.7. Statistics 

Statistical analysis was performed using SPSS 24™ (IBM, Armonk, 
NY, USA). All data are presented as mean ± standard deviation. A Stu-
dent’s t-test for paired samples was performed to test for potential dif-
ferences of the mean values of SUVmax, SUVmean and SUVpeak. A 
Bonferroni correction was applied to prevent α-error accumulation. A p 
value < 0.0024 was considered to indicate statistical significance. 

3. Results 

68Ga-DOTATOC PET/MRI acquisition was completed successfully in 
all 51 patients. Due to prior resection, SUV values of liver segment VII 
and II could not be measured in one (1/51) patient, respectively. For 
each patient, two μmaps (pre- and post-contrast) were successfully ac-
quired and two PET data sets per patient were reconstructed, serving as 
basis for further quantitative evaluation. 

The mean time between acquisition of the first non-contrast μmap 
and the second post-contrast μmap was seperated by about 15 min in this 
study and the time between Gd-contrast application and acquisition of 
the post-contrast μmap after acquisition of the dynamic VIBE sequences 
was about 5 min (Fig. 1). 

The visual evaluation of the μmaps showed marked differences in 
relative attenuation in post-contrast AC-maps especially in the lungs of 
(90.2 % of the patients (46/51) with proof of additional perihilary soft 
tissue segmentation and in the fatty tissue of all patients (Table 1, Fig. 3). 
In the post-contrast μmaps it was observed that fatty tissue was partially 
segmented with an additional compartment in all patients. This second 
compartment within fatty tissue was automatically assigned with a LAC 
of 0.0927 cm−1, which is between the LAC of soft tissue (0.1 cm−1) and 
fat (0.0854 cm−1). In 27.5 % (14/51 patients), additional soft tissue in 
the bone marrow could also be detected. 

Furthermore, in 3.9 % (2/51) of the patients there was a lack of 
signal from the skull base and a lack of signal from parts of the axial 
skeleton in the post-contrast AC-map, respectively. In 5.9 % (3/51) a 
small offset of the axial skeleton was detectable. Consequently, LAC of 
bone in these three cases was set equal to the LAC of soft tissue. This 
resulted in a slight systematic underestimation of PET data in these bone 
regions. However, this did not directly affect any of the chosen volumes 
of interest (Fig. 3). In one patient (1/51), a complete misclassification of 
the internal organs and a “swap” of fat and soft tissue could be observed 
(Fig. 4). The HUGE-technique for truncation correction provided correct 
results in all patients (51/51). 

When comparing the mean values in PET images before and after the 
administration of contrast agents, significant quantitative differences 
between SUVmax measurements were found in the perirenal fat 

Fig. 1. PET/MRI protocol for gastrointestinal tumor imaging. MRAC (CAIPI- 
accelerated T1-weighted 3D Dixon-VIBE) was acquired twice in this protocol: 
first, at the beginning of the examination with simultaneous PET acquisition 
and, second, at the end of the protocol following contrast-media application. 
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(19.65 ± 48.03 %, p < 0.0001), in the axillary fat (17.46 ± 63.67 %, 
p < 0.0001) and in the dorsal subcutaneous fat on level of lumbar 
vertebral body L4 (10.26 ± 25.29 %, p < 0.0001) (SUVmean and 
SUVpeak results are attached in the supplements). In addition, further 
significant differences were evident in the lungs apical (5.80 ± 10.53 %, 
p < 0.0001), dorsal on level of the pulmonary trunk (15.04 ± 19.09 %, 
p < 0.0001) and dorsal in the basal lung (51.27 ± 147.61 %, p < 0.0001) 
(see Table 2, Figs. 2 and 3). For the remaining VOIs, the comparison of 
the mean values did not show any statistical significance. However, 
large standard deviations were also found in the psoas muscle 
(8.38 ± 51.24 %), in the bone marrow (1.99 ± 23.82 %), myocardium 
(3.64 ± 22.86 %) and the liver (5.62 ± 21.45 %) (Table 2). 

4. Discussion 

In order to achieve a valid quantification of tracer distribution ac-
tivity in clinical routine, appropriate attenuation correction and scatter 
correction of PET data is essential. Even small changes in measured 
SUVs can be crucial for the assessment of a therapy-response in follow- 

up examinations [24]. In hybrid PET/CT systems, the CT data already 
contain useful information about tissue density, which can directly be 
used for attenuation correction after conversion to LACs at PET emission 
energy. In PET/MRI, however, μmaps used for AC must be created using 
MR information, such as proton density or relaxation properties. Thus, 
attenuation correction in PET/MRI is challenging [25]. 

Most clinical MRI examinations and PET/MRI protocols depend on 
the administration of small volumes of Gadolinium-containing contrast 
agents. The primary effect of Gd-contrast medium in MRI is to shorten 
the relaxation times of nuclei within body tissues. Depending on the 
specific tissue and vascularity, this leads to contrast enhancement in T1- 
weighted MRI sequences. In a clinical PET/MRI setting this may lead to 
signal variation in the T1-weighted Dixon sequences that today are 
widely used for MR-based AC in PET/MRI. As a consequence, the sub-
sequent algorithms for tissue segmentation from T1-weighted Dixon 
images may assign faulty tissue classes and attenuation coefficients to 
selected tissues in the resulting μmaps. A direct outcome of tissue 
misclassification in MR-based μmaps is a potential quantitative impact 
on PET tracer quantification in PET/MRI. 

Several previous studies have investigated the impact of artifacts and 
the specific impact of Gd-contrast administration in Dixon-based μmaps 
on PET quantification in PET/MRI. Keller et al. [26] evaluated the 
impact of motion, metal artifacts and tissue misclassification on the 
Dixon μmaps and the associated impact on AC PET data [26]. Brendle 
et al. [27] investigated the segmentation-based μmaps of 100 patients 
and found a high number of different artifacts (altogether 276 artifacts). 
These artifacts had visible impact on tissue segmentation in the μmaps, 
however, the authors did not find any change of diagnosis in PET/MRI 
due to any of the observed artifacts. Ladefoged et al. [28] observed 
frequent (in 23/283 patients) fat/water tissue inversions (fat/water 
swaps) in Dixon sequences in head/neck imaging [28]. Ruhlmann et al. 
in a whole-body PET/MRI study found that the administration of 
Gd-contrast before acquisition of the Dixon-based AC maps frequently 
(in 12/30 patients) triggered a fat/water swap in the brain bed position 
only [19]. All these previous studies [19,26–28] have in common that 
they were based on an older version of the Dixon-based AC sequence and 

Fig. 2. Schematical overview of the 21 selected VOIs in each patient (missing: VOI in the perirectal fat).  

Table 1 
Listing of absolute patient numbers and according percentage of visual differ-
ences between pre- and post-contrast AC-maps in all 51 patients.  

Findings Absolute Percentage 
(%) 

Segmentation of additional soft tissue  
- Perirenal and subcutaneous fat 51/51 100  
- Lung 46/51 90.2  
- Bone marrow 14/51 27.5  

Missegmentation of bone  
- Offset of axial skeleton 3/51 5.9  
- Lack of signal from skull base 2/51 3.9  
- Lack of signal of axial skeleton 2/51 3.9 
Fat/water signal swap 1/51 2.0 
Presence of truncation artifacts after the 

implementation of HUGE 
0/51 0  
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associated tissue segmentation algorithm. In the present study, however, 
the most recent version of a high spatial-resolution CAIPIRINHA-accel-
erated Dixon sequence and associated tissue segmentation algorithm 
was investigated. More specifically, the potential impact of Gd-contrast 
administration on μmap generation was systematically investigated in 
this study, as this may be a requirement in more complex clinical 
PET/MRI studies. 

The results of our study show both visual differences in the resulting 
MR-based μmaps due to changes in tissue segmentation as well as sig-
nificant quantitative influences on SUV measurements in attenuation 
corrected PET data, following Gd-contrast agent administration. Most 
differences in this study were observed in the lungs and in fatty tissue. In 
addition, larger differences were also measured in the psoas muscle, 
bone marrow and partly in the liver. 

Since the acquisition times of the AC-maps before and after admin-
istration of contrast agent were about 15 min apart, an additional in-
fluence by patient movement is generally conceivable. However, the 
defined volumes of interest in our study are exclusively body regions 
that can only be influenced slightly by movement. Furthermore, the 
influence of respiratory motion on the PET emission data has already 
been investigated previously [19,26]. In these previous studies, differ-
ences due to respiratory motion were mainly visible in organs adjacent 
to the diaphragm [26]. In the present study differences after contrast 
agent administration are particularly evident in lung regions with a high 
vascular density. Here, respiratory motion is not the primary course. 
Rather, the administration of Gd-contrast has led to an increase of signal 
in the central pulmonary vessels and subsequent tissue segmentation has 
assigned larger portions of surrounding lung tissue as soft tissue that is 
characterized with a higher attenuation factor (LAC) (see Fig. 3). This 
results in higher relative changes in the μmap difference maps (Figs. 3 
and 4) and also in the PET difference maps (Figs. 3 and 4). Largest 

discrepancies were found in the dorsal lung sections (Table 2). 
Another finding of this study is the frequent observation that fatty 

tissues across the whole-body μmaps following Gd-contrast adminis-
tration have been assigned not only with the LAC of fat (0.0854 cm−1), 
but also have been assigned with a second LAC with higher attenuation 
value (0.0927 cm−1). This resulted in visible differences in the μmap 
difference maps and also in measureable differences in the PET differ-
ence maps (Figs. 3 and 4). In particular, larger volumes of subcutaneous 
and visceral fat showed a homogeneous assignment with a second, 
higher LAC value in the post-contrast μmaps (Figs. 3 and 4). 

As discussed above, the study by Ruhlmann et al. [19] showed that 
the presence of Gd-contrast agents exerted a potential influence on 
fat/water separation and led to frequent (in 12/30 patients) fat/water 
swaps in the μmaps of the brain using 18F-FDG PET/MRI. In our study a 
misclassification of the internal organs due to a characteristic fat/water 
swap was found in only one patient (1/51) following contrast agent 
administration. The fact that only one fat/water swap was detected in 
our study can be explained by the significantly improved MRAC 
reconstruction using a CAIPI-accelerated Dixon-VIBE with improved 
spatial resolution and a more robust tissue segmentation algorithm. In 
this context, the addition of bone as a further tissue class was impacted 
in 5/51 patient cases following Gd-contrast administration (Table 1). In 
these five cases only single bones were e.g. misclassified as soft tissue. 
Truncation correction with the MR-based HUGE method worked robust 
in all 51/51 cases and did not show any differences in μmaps acquired 
before and after contrast administration (Table 1). 

A potential direct attenuating effect of Gadolinium contrast agent on 
PET photons has already been examined recently by Lois et al. [29]. Due 
to the typically small amounts of Gd-contrast agent applied during an 
examination (only few to 20 ml), the direct attenuation effect was found 
to be negligible in previous studies [19,29]. 

Fig. 3. Patient example showing relative dif-
ferences in the AC-maps (native and post- 
contrast, upper row) and in the reconstructed 
PET-images (lower row). The native AC-maps 
(upper row, left) serves as reference standard. 
For matching the two AC-maps, landmark- 
based registration was used. The resulting AC 
difference map (upper row, right) visualizes 
and quantifies relative differences in attenua-
tion factors. Red colour indicates higher rela-
tive attenuation (post-contrast), blue colour 
indicates lower relative attenuation (post- 
contrast). The blue and red contours indicate 
slight patient motion between acquisitions of 
both AC-maps. Red arrows from top to bottom: 
(1) additional soft tissue segmented in the 
lungs, (2) significant differences in the peri-
renal fatty tissue, (3) motion artefacts. The two 
PET images (lower row) show only faint visible 
differences. The PET difference map (lower 
row, right) reveals the resulting relative differ-
ences due to PET data reconstruction with the 
two AC-maps.   
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In general, the manufacturers of PET/MRI systems do not advise 
creating a MR-based AC-map after administration of Gd-contrast agents. 
However, in more extensive clinical imaging protocols, a whole-body 
examination is often combined with a dedicated organ examination to 

obtain the most diagnostic benefit. In this scenario, the administration of 
Gd-contrast medium during the whole-body examination may require 
the use of a contrast-agent-supported μmap for the dedicated protocol. 
The radiopharmaceutical Gallium-68 is mostly used with very specific 

Fig. 4. The single patient example with com-
plete misclassification of tissue classes due to a 
fat/water swap in the T1-weighted Dixon 3D- 
VIBE sequence post-contrast. Arrows point at 
multiple locations where the LAC values for 
soft-tissue and fat have been swapped. Expect-
edly, the AC difference map (upper row, right) 
shows strong differences across the entire body. 
Consequently, this also results in visible differ-
ences in the two PET reconstructions (lower 
row) and in the resulting PET difference image 
(lower row, right).   

Table 2 
Mean SUVmax values with standard deviation in all 21 VOIs measured in all 51 patients. Relative differences in SUVmax and statistical significance are given. Largest 
differences were found for the lungs, perirenal and subcutaneous tissue.  

Organ/Tissue SUVmax native SUVmax with contrast Difference in % P value 

Liver Segment VII 10.44 ± 3.30 (5.08–18.45) 10.57 ± 3.40 (5.11–19.13) 1.39 ± 8.63 0.29 
Liver Segment II 10.28 ± 3.33 (2.29–18.75) 10.80 ± 3.72 (2.28–20.7) 5.62 ± 21.45 0.06 
Perirenal fat 2.21 ± 1.37 (0.40–6.06) 2.55 ± 1.54 (0.39–6.92) 19.65 ± 48.03 <0.0001 
Lung apikal 1.25 ± 0.56 (0.5–3.03) 1.33 ± 0.6 (0.5–3.26) 5.80 ± 10.53 <0.0001 
Lung central ventral 0.81 ± 0.31 (0.32–1.67) 0.87 ± 0.36 (0.38–1.96) 6.82 ± 22.72 0.03 
Lung central medial 0.78 ± 0.42 (0.06–2.28) 0.81 ± 0.41 (0.06–2.06) 4.74 ± 18.03 0.28 
Lung central dorsal 0.96 ± 0.38 (0.45–2.59) 1.09 ± 0.41 (0.47–2.26) 15.04 ± 19.09 <0.0001 
Lung basal ventral 0.71 ± 0.40 (0.14–2.06) 0.74 ± 0.39 (0.09–2.08) 6.06 ± 15.32 0.24 
Lung basal medial 0.93 ± 0.73 (0.15–3.70) 0.92 ± 0.73 (0.06–4.20) 1.16 ± 32.36 0.71 
Lung basal dorsal 0.99 ± 0.56 (0.10–2.81) 1.27 ± 0.70 (0.48–3.86) 51.27 ± 147.61 <0.0001 
Myocardium 1.42 ± 0.65 (0.39–3.56) 1.45 ± 0.67 (0.27–1.42) 3.64 ± 22.86 0.38 
Bloodpool 1.62 ± 0.97 (0.18–6.46) 1.66 ± 0.93 (0.19–5.89) 3.09 ± 12.68 0.21 
Axillary fat 1.12 ± 0.54 (0.22–3.09) 1.23 ± 0.55 (0.26–3.23) 17.46 ± 63.67 <0.0001 
Subcutaneous fat 

L4 ventral 
0.88 ± 0.40 (0.27–1.82) 0.86 ± 0.37 (0.26–1.79) −0.75 ± 13.91 0.20 

Subcutaneous fat 
L4 dorsal 

1.08 ± 0.39 (0.33–2.19) 1.16 ± 0.40 (0.49–2.36) 10.26 ± 25.29 <0.0001 

Subcutaneous fat femoral lateral 0.66 ± 0.21 (0.09–1.04) 0.71 ± 0.29 (0.10–1.76) 8.23 ± 42.65 0.19 
Subcutaneous fat femoral dorsal 0.80 ± 0.36 (0.30–1.96) 0.85 ± 0.41 (0.38–2.08) 8.75 ± 33.98 0.08 
Psoas muscle 1.87 ± 0.87 (0.34–3.79) 1.98 ± 1.07 (0.28–5.5) 8.38 ± 51.24 0.21 
Bone marrow 2.23 ± 1.03 (0.62–5.1) 2.27 ± 1.19 (0.35–5.51) 1.99 ± 23.82 0.65 
Perirectal fat 1.14 ± 1.14 (0.0–7.90) 1.18 ± 1.19 (0.0–8.04) −1.57 ± 36.47 0.25 
Urinary bladder 90.83 ± 100.26 (8.32–516.07) 92.08 ± 101.38 (8.24–528.91) 1.26 ± 4.11 0.008  
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tracers like DOTATOC in neuroendocrine tumors or Prostate-Specific 
Membrane Antigen (PSMA) in prostate cancer, and, therefore, dedi-
cated organ protocols are common. The results may be relevant for 
various tumor entities, e.g. due to the partially considerable deviations 
in the liver (SD 21.45 %, Table 2), the detection of liver metastases in 
neuroendocrine tumors may be limited. Furthermore, in the staging 
examination of prostate cancer patients with dedicated prostate se-
quences, the inter-individual deviations of the perirectal fat tissue (SD 
36.47 %, Table 2) may influence the detection of affected locoregional 
lymph nodes. Consequently, PET/MRI specific protocol adjustments 
should be made if feasible, e.g. creating native whole-body sequences 
first. Generally, when post-KM μmaps are applied in more extensive 
protocols, the reporting nuclear medicine physician/radiologist must be 
aware of the possibility of large inter-individual differences and inter-
pret quantitative data with caution. In addition, the MR-based AC data 
should be included in the reading routine to avoid diagnostic errors. 

The following two points may be considered as limitations of this 
study. First, as described before, the radiopharmaceutical Gallium-68 
was used, and results may not be directly transferrable to the 
frequently used fluorine-18 or other tracers. We decided to focus on this 
isotope (68Ga), as it is the basis for generator based radiotracers such as 
68Ga-PSMA or 68Ga-DOTATOC, which are frequently used in PET/MRI 
examinations that demand the combined acquisition of a dedicated as 
well as a whole-body examinations in one single PET/MRI scan. Two 
examples for such setting are a whole-body examination followed by a 
dedicated liver examination such as in neuroendocrine tumors examined 
with 68Ga-DOTATOC, or a dedicated prostate examination followed by a 
whole-body examination such as in prostate cancer examined with 68Ga- 
PSMA. Due to the fact that mainly the impact of Gd-contrast agent on 
MRAC was investigated here, which is completely independent of the 
radiotracer applied, we believe that our findings are transferrable also to 
different clinical PET/MRI settings and tracers. Secondly, the acquisition 
times of pre- and post-KM AC-maps in this study are about 15 min apart 
(Fig. 1), so certain patient motion artefacts are possible. However, the 
figures show that this mainly affects the outer body contours and has no 
relevant influence on the selected measurement points (VOIs). 

5. Conclusion 

The results of our study suggest that the administration of (Gd)- 
contrast agent may have a potential influence on MR-based attenuation 
correction in certain tissue compartments like fat and lung and may 
cause substantial inter-individual variations in several organs, specif-
ically when using a CAIPI-accelerated Dixon-based sequence in 68Ga- 
DOTATOC PET/MRI. Therefore, acquisition of MR-based attenuation 
correction in PET/MRI should be performed prior to contrast agent 
administration. Complex hybrid imaging protocols, that include whole- 
body as well as dedicated examinations of specific organs such as 
prostate or gastrointestinal tumor imaging, should be adapted 
accordingly. 
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Effects of Anti–Tumor Necrosis Factor Therapy on
Osteoblastic Activity at Sites of Inflammatory and
Structural Lesions in Radiographic Axial Spondyloarthritis:
A Prospective Proof-of-Concept Study Using Positron
Emission Tomography/Magnetic Resonance Imaging of
the Sacroiliac Joints and Spine
Nils Martin Bruckmann,1 Christoph Rischpler,2 Styliani Tsiami,3 Julian Kirchner,1 Daniel B. Abrar,1 Timo Bartel,2

Jens Theysohn,1 Lale Umutlu,1 Ken Herrmann,2 Wolfgang P. Fendler,2 Christian Buchbender,1 Gerald Antoch,1

Lino M. Sawicki,1 Athanasios Tsobanelis,3 Juergen Braun,3 and Xenofon Baraliakos3

Objective. Proof-of-concept trial to determine the effects of tumor necrosis factor inhibitor (TNFi) therapy on oste-
oblastic activity at sites of inflammatory and structural lesions in patients with radiographic axial spondyloarthritis
(SpA), using fluorine 18–labeled NaF (18F-NaF) positron emission tomography/magnetic resonance imaging (PET/MRI).

Methods. Sixteen patients with clinically active radiographic axial SpA were prospectively enrolled to receive TNFi
treatment and undergo 18F-NaF PET/MRI of the sacroiliac (SI) joints and spine at baseline and at a follow-up visit 3–6
months after treatment initiation. Three readers (1 for PET/MRI and 2 for conventional MRI) evaluated all images,
blinded to time point. Bone marrow edema, structural lesions (i.e., fat lesions, sclerosis, erosions, and ankylosis), and
18F-NaF uptake at SI joint quadrants and vertebral corners (VCs) were recorded.

Results. Overall, 11 male and 5 female patients (mean age ± SD 38.6 ± 12.0 years) were followed up for a mean duration
of 4.6 months (range 3–6). 18F-NaF PET/MRI was conducted on SI joints for 16 patients and the spine for 10; 128 SI joint quad-
rants and 920 VCswere analyzed at each time point. At baseline, 18F-NaF uptake was demonstrated in 96.0%of SI joint quad-
rants with bonemarrow edema, 94.2%with sclerosis, and 88.3%with fat lesions. At follow-up, 65.3%of SI joint quadrantswith
bone marrow edema (P < 0.001), 33.8% with sclerosis (P = 0.23), and 24.5% with fat lesions (P = 0.01) had less 18F-NaF
uptake, compared with baseline. For VCs, 18F-NaF uptake at baseline was found in 81.5% of edges with sclerosis, 41.9%with
fat lesions, and 33.7%with bonemarrow edema. At follow-up, 73.5%of VCs with bonemarrow edema (P = 0.01), 53.3%with
fat lesions (P = 0.03), and 55.6% with sclerosis (P = 0.16) showed less 18F-NaF uptake, compared with baseline.

Conclusion. Anti-TNF antibody treatment led to a significant decrease in osteoblastic activity within 3–6 months,
especially, but not solely, at sites of inflammation. Larger data sets are needed for confirmation of the antiosteoblastic
effects of TNFi for the prevention of radiographic progression in axial SpA.

INTRODUCTION

Radiographic axial spondyloarthritis (SpA), also known as
ankylosing spondylitis (AS) (1), is a chronic inflammatory rheu-
matic disease, representing the most advanced form of axial

SpA (2). In its early phase, the disease is characterized by chronic
inflammation in the lower back and inflammation in the sacroiliac
(SI) joints (3). As the disease progresses, inflammation may
extend to the spine, potentially resulting in complete stiffness of
the axial skeleton and postural deformation, which are associated
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with severe physical disability and reduced quality of life (4,5).
Treatment comprises nonpharmacologic and pharmacologic
interventions, with the latter involving nonsteroidal antiinflamma-
tory drugs (NSAIDs) as a first step. Among patients who do not
respond to NSAID treatment, biologic disease-modifying anti-
rheumatic drugs (bDMARDs), such as antibodies inhibiting
tumour necrosis factor (TNFi) or interleukin-17, are efficacious (6).

Imaging plays an essential role in the diagnosis and manage-
ment of axial SpA and may also be used for assessment of treat-
ment responses, especially in clinical trials (7,8). The current gold
standard imaging technique in axial SpA is magnetic resonance
imaging (MRI), since it can assess changes in inflammation, such
as bone marrow edema, as well as structural damage, such as
fat lesions, erosion, sclerosis, and ankylosis (7,9,10). The intro-
duction of hybrid imaging techniques such as positron emission
tomography/computed tomography (PET/CT) and PET/MRI has
provided additional insights into the pathogenesis and metabolic
activity of radiographic axial SpA (11). Therefore, use of the
osteoblast-specific radiotracer fluorine 18–labeled NaF (18F-NaF)
to visualize local osteoblastic activity in inflammatory and struc-
tural lesions due to radiographic axial SpA has recently increased
(11–13). These studies confirmed that the level of osteoblastic
activity was especially high at sites where bone marrow edema
and fat lesions had been detected by MRI and that bone marrow
edema and fat lesions are associated with the development of
syndesmophytes and new bone formation (14). This is consistent
with findings of recent biopsy studies involving patients with radio-
graphic axial SpA (15).

Treatment with TNFi continuously for ≥4 years has been
shown to result in lower rates of radiographic progression than
treatment with non-bDMARDs (7,16–18). This is very likely due
to the beneficial effect of bDMARDs on early spinal inflammation
as compared to their minimal impact on more advanced disease.
However, a direct effect of bDMARDs on osteoblastic activity has
not been proven to date. In this prospective, observational, proof-
of-concept study, we used 18F-NaF PET/MRI to analyze the effect
of TNFi on osteoblastic activity in disease-specific lesions
detected by MRI in the SI joints and the spine of patients with
active radiographic axial SpA.

PATIENTS AND METHODS

Patients and treatment. This observational proof-of-
concept study was approved by the institutional research com-
mittee of the University Duisburg-Essen (protocol 17-7709-BO)
and accorded with the principles of the 1964 Declaration of Hel-
sinki and its later amendments. Written informed consent was
obtained from all individual participants prior to their enrollment
in the study.

The main inclusion criteria were 1) diagnosis of radiographic
axial SpA by the treating rheumatologist, based on the presence
of advanced radiographic changes in the SI joints according to

the modified New York criteria for AS (19), 2) evidence of active
disease, based on a Bath AS Disease Activity Index (BASDAI)
score of ≥4 despite treatment with a full dose of at least 2 NSAIDs
for ≥4 weeks prior to imaging (20), and 3) presence of at least
1 inflammatory lesion on MRI of the SI joints or spine. Pretreat-
ment with bDMARDs was not allowed. If a decision was made
to treat a patient with a compound other than TNFi, the patient
was not eligible for study participation. According to the study
protocol, treatment had to be initiated within 1 week after the
baseline (i.e., initial) MRI. Follow-up imaging was performed at
least 3–6 months after treatment initiation, based on the availabil-
ity of the patient.

Specifications of conventional MRI and PET/MRI. All
18F-NaF PET/MRI examinations were performed on an inte-
grated 3.0T PET/MRI system (Biograph mMR, Siemens
Healthineers) in a caudocranial direction. Scanning was
performed during the mineralization phase, 40 minutes
after intravenous injection of a mean ± SD 18F-NaF dose
of 161 ± 8 MBq. Images were prepared as described by Buch-
bender et al (11). An attenuation-correction map (μmap) in
coronal orientation was generated using a transaxial acquired
high-resolution CAIPIRINHA (controlled aliasing in parallel
imaging results in higher spatial acceleration), T1-weighted,
3-dimensional Dixon-VIBE (volumetric interpolated breath-hold
examination) sequence. In addition, a bone atlas and a trunca-
tion correction proposed by Blumhagen et al (21) were used
(22–24). The scanning parameters for the sequences used in
this study are shown in Table 1.

Analysis of MRI and PET scans. Three experienced
readers (1 nuclear medicine specialist [for PET data] and 2 radiolo-
gists [for conventional MRI data]) blinded to time point
(i.e., baseline versus follow-up) and patient demographic charac-
teristics independently evaluated all MRI and PET scans in paired
order.

SI joints. The iliac and sacral parts of each SI joint were sub-
divided into an upper part (including the first sacral foramen)
and a lower part (including the second and third foramen),
resulting in 4 SI joint quadrants per side. All SI joint quadrants
were evaluated in a binary way for the presence or absence of
inflammatory activity (i.e., bone marrow edema, based on the
STIR sequence, and chronic structural changes to bone, such
as fat lesions, erosion, sclerosis, and ankylosis, based on the
T1-weighted turbo spin-echo sequence). Each SI joint quadrant
was also assessed for the presence or absence of 18F-NaF
uptake.

Spine. All vertebral bodies were divided into 4 vertebral cor-
ners (VCs; superior anterior, superior posterior, inferior posterior,
and inferior anterior). Similar to the evaluation of SI joints, the pres-
ence or absence of bone marrow edema was assessed on the
basis of the STIR sequence, and the presence or absence of
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structural lesions such as fat lesions and sclerosis was assessed
using the T1-weighted turbo spin-echo sequence. Each VC was
also assessed for the presence or absence of 18F-NaF uptake
on mineralization phase PET (11,14).

Osteoblastic activity. For semiquantitative analysis of osteo-
blastic activity, maximum standardized uptake values (SUVmax)
were measured using a volume of interest covering the entire indi-
vidual lesion at each SI joint quadrant or VC. Focal 18F-NaF
uptake was defined as a visually detectable uptake of 18F-NaF
that was greater than the level in adjacent bone marrow.

Statistical analysis.Only lesions that were identified by the
2 readers of MRIs at each imaging time point were used for analy-
ses. Data are presented as the mean ± SD, the mean (range), or
percentage (95% confidence interval [95% CI]). Proportions of SI
joint quadrants showing bone marrow edema, fat lesions, ero-
sions, sclerosis, or ankylosis, or any combination of these findings
and focal 18F-NaF uptake were calculated to investigate the rela-
tion between MRI-based changes in inflammation before and after
initiation of TNFi therapy and local osteoblastic activity visualized
by PET/MRI. McNemar’s test was performed to compare results
between baseline and follow-up examinations. A P value of less
than 0.05 was considered to indicate statistical significance. Wil-
coxon’s signed rank test was used to assess differences between
SUVmax before and SUVmax after treatment initiation. Statistical
analysis was performed using SPSS, version 24 (IBM).

Data availability. The data sets used and/or analyzed dur-
ing the current study are available from the corresponding author
on reasonable request.

RESULTS

Demographic characteristics and image availability.
Sixteen patients were included. All patients had complete data sets
of SI joint images, and 10 had complete data sets of spinal images,

permitting analysis of 128 SI joint quadrants and 920 VCs. The
mean ± SD age at baseline was 38.3 ± 12.0 years, 11 patients
(68.8%) were male (including 7 of 10 [70%] with spinal images),
and 13 patients (81.3%) were HLA–B27 positive. Mean ± SD clini-
cal values at baseline were 6.1 ± 1.6 (range 4.1–7.9) for the BAS-
DAI, 3.4 ± 0.7 (range 2.1–4.9) for the Ankylosing Spondylitis
Disease Activity Score (ASDAS) (25), and 1.0 ± 1.3 mg/dl (range
0.0–4.4) for the C-reactive protein level (Table 2). The mean follow-
up period was 4.6 months (range 3–6 months).

Analysis of follow-up data showed that all patients improved
during treatment. The mean ± SD BASDAI score decreased to
4.1 ± 1.5 (range 2.1–7.4), although 5 patients (31.3%) still
reported a BASDAI score of >4, which is indicative of advanced
disease on the 10-point index. The mean ± SD ASDAS
decreased to 2.1 ± 0.5 (range 1.6–3.2) during treatment, with all
5 patients exhibiting a BASDAI score of >4 also having an ASDAS
of >2.1. Finally, the mean ± SD C-reactive protein level
decreased to 0.1 ± 0.2 mg/dl (range 0.0–0.5) (Table 2).

Evaluation and quantification of pathologic lesions
in SI joints. Of the 128 SI joint quadrants, 75 (58.6 %) showed
bone marrow edema, 120 (93.8%) showed fat lesions,
69 (53.9%) showed sclerosis, 99 (77.3%) showed erosions, and
16 (12.5%) showed ankylosis at baseline; focal 18F-NaF uptake
was visible in 111 (86.7%), with a mean ± SD SUVmax of
14.637 ± 4.687. Increased 18F-NaF uptake in SI joint quadrants
was most frequently associated with bone marrow edema
(72 [96%] of 75 quadrants), but uptake was also in a high percent-
age of quadrants showing sclerosis (65 [94.2%] of 69), fat lesions
(106 [88.3%] of 120), erosions (86 [86.9%] of 99), and ankylosis
(14 [87.5%] of 16; all 14 were associated with 5 patients). All SI
joint quadrants showing 18F-NaF uptake also had at least 1 type
of lesion detected on conventional MRI at baseline.

At follow-up, 37 SI joint quadrants showed bone marrow
edema (including 3 that did not show bone marrow edema at
baseline), for a net reduction of 50.7% (95% CI 38.9–62.4;

Table 1. Scanning parameters of the fluorine 18–labeled NaF positron emission tomography/magnetic resonance
imaging sequences used to determine the effect of tumor necrosis factor inhibitor therapy on osteoblastic activity in
patients with radiographic axial spondyloarthritis*

Sequence Orientation(s)
TE/TR,
msec

Slice
thickness,

mm
Matrix

size, pixels
Field of

view, mm2

T1-weighted 3D Dixon-VIBE
with fat suppression

Semicoronal 2.46/3.97 3.12 192 × 158 492 × 450

T1-weighted TSE Sagittal for VCs,
semicoronal for SI
joints

12/650 3.6 448 × 224 715 × 322

T2-weighted STIR with fat
suppression

Sagittal for VCs,
semicoronal for SI
joints

57/6,180 3.0 384 × 230 250 × 250

T1-weighted STIR with fluid
suppression

Semicoronal for SI joints 11/2,840 3.0 448 × 314 250 × 250

* TE = echo time; TR = repetition time; 3D = 3-dimensional; VIBE = volumetric interpolated breath-hold examina-
tion; TSE = turbo spin-echo; VCs = vertebral corners; SI = sacroiliac.
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Table 2. Demographic characteristics, clinical characteristics at baseline and follow-up, and changes between the 2 time
points among patients with radiographic axial spondyloarthritis who underwent fluorine 18–labeled NaF (18F-NaF) positron
emission tomography/magnetic resonance imaging to determine the effect of tumor necrosis factor inhibitor (TNFi) therapy
on osteoblastic activity*

Patient, sex, age,
imaging time point† TNFi duration, week BASDAI ASDAS CRP level, mg/dl

SUVmax‡

SI joints Spine

1, M, 26 years
Baseline 0 6.4 3.5 0.1 16.254 –
Follow-up 16 5.0 3.0 0.0 11.203 –
Change – −1.4 −0.5 −0.1 −5.051 –

2, M, 52 years
Baseline 0 5.6 3.2 0.5 15.979 –

Follow-up 24 3.6 1.7 0.2 11.696 –
Change – −2.0 −1.5 −0.3 −4.283 –

3
Baseline 0 5.2 3.8 1.5 20.464 –
Follow-up 24 2.4 1.6 0.0 10.000 –

Change – −2.8 −2.2 −1.5 –10.464 –
4

Baseline 0 6.0 3.0 0.3 7.534 –

Follow-up 24 3.8 1.9 0.0 5.354 –
Change – −2.2 −1.1 −0.3 −2.180 –

5
Baseline 0 5.6 3.7 1.6 7.505 –
Follow-up 12 4.0 2.2 0.2 10.102 –

Change – −1.6 −1.5 −1.4 2.597 –
6

Baseline 0 6.5 3.1 0.0 24.154 –

Follow-up 16 5.9 2.6 0.1 11.106 –
Change – −0.6 −0.5 0.1 –13.048 –

7
Baseline 0 6.0 3.2 1.1 14.620 15.695
Follow-up 16 2.2 1.6 0.4 11.225 7.290
Change – −3.8 −1.6 −0.7 −3.395 −8.405

8
Baseline 0 7.9 4.4 1.2 15.332 19.455
Follow-up 12 3.8 1.9 0.0 9.550 13.763
Change – −4.1 −2.5 −1.2 −5.782 −5.692

9
Baseline 0 4.1 2.5 1.2 9.291 5.314
Follow-up 16 2.1 1.7 0.0 11.323 9.797
Change – −2.0 −0.8 −1.2 2.032 4.483

10
Baseline 0 7.5 3.2 0.1 16.534 17.200
Follow-up 20 6.2 2.2 0.1 14.535 13.708
Change – −1.3 −1.0 0.0 −1.999 −3.492

11
Baseline 0 6.9 4.9 4.4 8.312 19.965
Follow-up 20 2.3 2.0 0.2 10.426 10.256
Change – −4.6 −2.9 −4.2 2.114 −9.709

12
Baseline 0 6.4 3.2 0.1 15.662 0.000
Follow-up 16 5.1 2.7 0.3 11.950 0.000
Change – −1.3 −0.5 0.2 −3.712 0.000

13
Baseline 0 4.9 3.8 3.6 16.453 25.159
Follow-up 24 3.6 1.8 0.2 13.375 17.343
Change – −1.3 −2.0 −3.4 −3.078 −7.816

14
Baseline 0 7.5 3.6 0.3 11.930 0.000
Follow-up 20 7.4 3.2 0.5 14.805 0.000
Change – −0.1 −0.4 0.2 2.875 0.000

(Continued)
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P < 0.01). No significant changes between baseline and follow-
up were observed for chronic lesions (Figures 1 and 2).

An improvement in 18F-NaF uptake was observed for all
lesion types. The largest effect was observed for lesions associ-
ated with bone marrow edema, with 47 (65.3% [95% CI 53.1–
76.1]) fewer SI joint quadrants showing 18F-NaF uptake at
follow-up (P < 0.01) (Figures 1 and 2). Of the 3 SI joint quadrants
with new onset of bone marrow edema at follow-up, 2 did not
show 18F-NaF uptake at baseline or follow-up, whereas 1 had
uptake at baseline and follow-up.

Quantification of osteoblastic activity demonstrated that
the mean SUVmax for all SI joint quadrants decreased signifi-
cantly during the study, from 14.637 at baseline to 11.466 at
follow-up (change, –3.171 [range –13.050, 2.875]; P < 0.01).
Four patients had a very minor increase in mean SUVmax (range
2.031–2.875) without worsening clinical scores. No relation

between changes in mean SUVmax and clinical scores was
observed (Table 2).

Evaluation and quantification of pathologic lesions
in the spine. Of the 920 VCs, 101 (11.0%) showed bone mar-
row edema, 62 (6.7%) showed fat lesions, and 11 (1.2%) showed
sclerosis at baseline; increased 18F-NaF uptake was found in
77 VCs (8.4%), with a mean ± SD SUVmax of 11.873 ± 9.140.
Increased 18F-NaF uptake was most frequently associated with
sclerosis (9 [81.8%] of 11 VCs) and less commonly associated
with fat lesions (26 [41.9%] of 62 VCs) or bone marrow edema
(34 [33.7%] of 101 VCs).

At follow-up, bone marrow edema was still found in 34 VCs
(including 6 that did not show bone marrow edema at baseline),
for a net reduction of 66.3% (95% CI 57.1–75.6; P < 0.01),
whereas fat lesions were found in 15 VCs, for a net reduction of

Table 2. (Cont’d)

Patient, sex, age,
imaging time point† TNFi duration, week BASDAI ASDAS CRP level, mg/dl

SUVmax‡

SI joints Spine

15
Baseline 0 7.6 3.4 0.5 15.858 15.950
Follow-up 12 3.7 1.7 0.1 15.573 0.000
Change – −3.9 −1.7 −0.4 −0.285 –15.950

16
Baseline 0 4.1 2.1 0.1 18.313 0.000
Follow-up 12 3.8 1.9 0.0 11.227 0.000
Change – −0.3 −0.2 −0.1 −7.086 0.000

* BASDAI = Bath Ankylosing Spondylitis Disease Activity Index; ASDAS = Ankylosing Spondylitis Disease Activity Score;
CRP = C-reactive protein; SI = sacroiliac.
† Imaging was performed before initiation (baseline) and after the specified duration (follow-up) of TNFi therapy.
‡ For semiquantitative analysis of osteoblastic activity, the maximum standardized uptake value (SUVmax) for 18F-NaF in
SI joint quadrants and spinal vertebral corners was determined. For patients 1–6, imaging of the spine was not
performed.

Figure 1. Number of sacroiliac joint quadrants showing lesions on conventional magnetic resonance imaging (MRI) and those showing uptake of
fluorine 18–labeled NaF on positron emission tomography (PET)/MRI at baseline (dark gray) and after 4 months of treatment with tumor necrosis
factor inhibitors (light gray) among patients with radiographic axial spondyloarthritis. The bold numbers show the percentage decrease between
baseline and follow-up. Statistically significant differences are indicated by the red box. BME = bone marrow edema; FL = fat lesions.
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75.8% (95% CI 62.8–84.8; P < 0.01). Sclerosis was found in
43 VCs, which was significantly greater than the number at base-
line (Figures 3 and 4).

Similar to the analysis of SI joints, the largest reduction in
18F-NaF uptake was found in lesions associated with bone
marrow edema, with 25 (73.5% [95% CI 43.3–71.6]) fewer VCs
showing uptake at follow-up (P = 0.01). In comparison,
18 (69.2%) fewer VCs associated with fat lesions (P = 0.03) and

5 (55.6%) fewer VCs associated with sclerosis (P = 0.16) showed
18F-NaF uptake at follow-up (Figures 3 and 4).

Quantification of osteoblastic activity showed that the mean
SUVmax for all VCs decreased significantly, from 11.873 at base-
line to 7.215 at follow-up (change, –4.658 [range –15.950,
4.483]; P < 0.025). Only 1 patient had a slight increase in her
mean SUVmax. Similar to findings for SI joints, no relation between
changes in SUVmax and clinical outcomes was observed (Table 2).

Figure 2. Findings of sacroiliac joint imaging at baseline (A–D) and follow-up (E–H) for a 34-year-old patient with clinically active radiographic
axial spondyloarthritis. Shown are areas of sclerosis and erosions (thin white arrows) and extensive surrounding bone marrow edema and fatty
degeneration (thick white arrow) on scans obtained by a T2-weighted turbo inversion recovery magnitude (T2w TIRM) sequence (A) and
T1-weighted volumetric interpolated breath-hold examination with fat suppression (T1w fs VIBE) (B), as well as evidence of osteoblastic activity
based on increased signal on fluorine 18–labeled NaF (18F-NaF) PET/MRI (C and D; black arrows). Follow-up imaging after 4 months of tumor
necrosis factor inhibitor treatment showed significant decrease in osteoblastic activity (black arrows). See Figure 1 for other definitions.

Figure 3. Number of vertebral corners showing lesions on conventional MRI and those showing uptake of fluorine 18–labeled NaF on PET/MRI
at baseline (dark gray) and after 4 months of treatment with tumor necrosis factor inhibitors (light gray) among patients with radiographic axial
spondyloarthritis. The bold numbers show the percentage decrease between baseline and follow-up. See Figure 1 for definitions.
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DISCUSSION

With this study, we are the first to show that TNFi therapy
decreases osteoblastic activity in the SI joints and spine of
patients with active radiographic axial SpA within a few months
after treatment initiation. As expected, there was clinical improve-
ment at the group level, as assessed by a decrease in BASDAI
and ASDAS values, including a significant decrease in C-reactive
protein levels. The effect of the treatment on bone metabolism
was demonstrated on the basis of a detailed analysis of bone
marrow edema, fat lesions, sclerosis, and ankylosis on MRI in
comparison to the quantification of osteoblastic activity on PET.
Overall, we found a significant reduction of bone marrow edema
in both the SI joints and the spine, whereas the beneficial effect
on osteoblastic lesions mostly involved those that were present
in combination with bone marrow edema prior to treatment initia-
tion. These findings were independent of the anti-TNF compound
used (data not shown). In comparison, no changes were
observed for chronic lesions of the SI joints, whereas a decrease
in fat lesions and an increase in sclerotic lesions were observed
in the analysis of spinal VCs at follow-up. Taking into account
the short follow-up duration, these data are in line with earlier
observations (26) that inflammation and new bone formation are
not directly linked but instead represent a reparative process that
occurs via erosive, sclerotic, and fat transformation (27) and ends
in ankylosis.

Analysis of the lesion types with respect to changes in
osteoblastic activity showed a reduction in 18F-NaF uptake at
follow-up in both the SI joints and the spine and for both active
and chronic lesions. However, the difference in reduction in the
SI joints as compared to that in the spine was not statistically
significant. This might have been because axial SpA in all
patients was in the more advanced, radiographic stage, when
the SI joints had likely been affected by the disease for a longer
period than the spine, which is generally affected later during
the disease course.

On the other hand, no relation was found between the clin-
ical response to TNFi treatment and changes in the quantifica-
tion of osteoblastic activity as measured by the SUVmax.
Interestingly, overall and despite disease activity status at
follow-up, as assessed by both the BASDAI and the ASDAS,
all patients benefited from treatment, but not all of them
achieved low disease activity. Still, quantification of osteoblastic
activity demonstrated that the SUVmax decreased, stayed simi-
lar, or, on rare occasion, showed only a minor increase. These
data indicate that the magnitude of the treatment effect at the
structural level, as assessed by imaging, may not necessarily
reflect the magnitude of its effect on treatment outcomes, which
might depend on the tool used to assess global disease activity
or on the effect of comorbidities, such as concomitant fibromy-
algia (28–31). Another explanation for this observation may be
that, in some patients, treatment with TNFi but also with other

Figure 4. Findings of thoracic spine imaging at baseline (A–D) and follow-up (E–H) for a 40-year-old patient with clinically active radiographic
axial spondyloarthritis. At baseline, signs of extensive bone edema are evident in the thoracal vertebral bodies (A and B; white arrows) with evi-
dence of osteoblastic activity based on increased signal on fluorine 18–labeled NaF (18F-NaF) PET/MRI (C andD; black arrow). Follow-up imaging
after 4 months of tumor necrosis factor inhibitor treatment (E–H) showed visible decrease of inflammation and osteoblastic activity (white arrows,
black arrow). T2w TIRM = T2-weighted turbo inversion recovery magnitude; T1w fs VIBE = T1-weighted volumetric interpolated breath-hold
examination with fat suppression (see Figure 1 for other definitions).
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bDMARDs needs >6 months to reach its full potency with
regard to clinical outcomes and structural changes (32,33).
However, because the effects of treatment were most visible
during the early course of disease, when inflammatory activity
was present (i.e., at sites where tissue is just beginning to trans-
form), and less apparent in terms of PET findings and chronic
changes, these findings might also be applicable to patients
with nonradiographic axial SpA (34).

Some limitations of this study need to be taken into
account. Importantly, the sample size in our study was too small
to yield strong conclusions about the effect of TNFi on bone
metabolism. Furthermore, we did not include bDMARDs other
than TNFi in our analysis. We therefore see these results as a
proof of concept for future research to understand the expected
“disease-modifying” effect of bDMARDs, including TNFi, in
patients with radiographic axial SpA (16–18). In an era of
broader use of such treatments due to the wide application of
biosimilar agents, this information is of great importance for
both physicians and patients. Furthermore, as mentioned
above, the follow-up period may have been too short to demon-
strate the full effect of treatment in all patients. Nevertheless, it is
still impressive that, despite this relatively short follow-up
period, a clear effect was seen in the imaging analyses. It would
be interesting to study these effects over longer follow-up
periods and to determine whether the benefit of TNFi therapy
becomes even more pronounced. Finally, PET/MRI technology
is only available in larger centers and is associated with a high
level radiation exposure if performed often, making frequent
use of the technology unfeasible.

Together, the results of this observational proof-of-concept
study suggest that early initiation of antiinflammatory therapy with
TNFi may have a beneficial, antiosteoblastic effect that results in
regression of radiographic progression in patients with active
radiographic axial SpA. Further research involving larger patient
collectives is needed to confirm these results. It will also be inter-
esting to see whether treatment with other bDMARDs, such as
interleukin-17 inhibitors, or with small molecules, such as JAK
inhibitors, will have similar results.
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