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II. Zusammenfassung / Summary 

 
2.1 Zusammenfassung 
 
Die prostataspezifische Membranantigen (PSMA)-gerichtete Positronenemissions-

tomographie/Computertomographie (PET/CT) ist ein etabliertes Verfahren zur Diagnostik des 

Prostatakarzinoms, insbesondere für die Lokalisation eines biochemischen Rezidivs (BCR) 

nach Primärtherapie. Standardmäßig erfolgt die PSMA-PET/CT derzeit unter Verwendung 

kurzlebiger PSMA-Tracer, wie beispielsweise [68Ga]Ga-PSMA-11. Trotz der insgesamt hohen 

diagnostischen Genauigkeit der konventionellen PSMA-PET/CT gibt es weiterhin eine 

relevante Zahl von Fällen, in denen sich bei bestehendem BCR keine tumorsuspekten 

Läsionen nachweisen lassen oder nur unklare Befunde vorliegen. Ein limitierender Faktor der 

etablierten konventionellen PSMA-Tracer liegt in der kurzen physikalischen Halbwertszeit der 

verwendeten Radionuklide (Halbwertszeit 68Ga: ca. 67,7 Minuten). Diese begrenzt die 

Bildgebung auf wenige Stunden nach der Injektion des Tracers und verwehrt Bildakquisitionen 

zu späteren Zeitpunkten. Der Einsatz von PSMA-Tracern mit langlebigen Radionukliden, wie 

Zirkonium-89 (Halbwertszeit 89Zr: ca. 78,4 Stunden) könnte die PSMA-PET/CT-Bildgebung 

entscheidend erweitern. 

Die kumulative Dissertation umfasst drei Originalarbeiten zur klinischen Translation von 

[89Zr]Zr-PSMA-617, einem langlebigen PSMA-Tracer für die PET/CT-Diagnostik des 

Prostatakarzinoms. 

Originalarbeit 1 untersucht die Biodistribution und Tracerkinetik von [89Zr]Zr-PSMA-617 sowie 

die damit verbundene Strahlenexposition bei 7 Patienten mit BCR des Prostatakarzinoms und 

präsentiert erste klinische Erfahrungen mit der [89Zr]Zr-PSMA-617-PET/CT. Dabei zeigte 

[89Zr]Zr-PSMA-617 eine mit konventionellen PSMA-Tracern vergleichbare Biodistribution und 

war mit einer akzeptablen Strahlenexposition verbunden (effektive Dosis: 10,1 mSv bei 

Applikation von 111 MBq). Die [89Zr]Zr-PSMA-617-PET/CT erwies sich als sicheres Verfahren 

ohne Hinweis auf unerwünschte Nebenwirkungen. Die lange Halbwertszeit von 89Zr ermöglicht 

im Vergleich zu konventionellen Tracern eine Bildgebung zu späteren Zeitpunkten (in dieser 

Studie untersucht bis zu 72 Stunden nach Injektion), was zu einer erhöhten Anreicherung des 

Tracers in Tumorläsionen und zeitlich zunehmendem Tumor-zu-Hintergrund-Verhältnis führt. 

Klinische Beobachtungen dieser Pilotstudie weisen darauf hin, dass dadurch Läsionen erkannt 

werden können, die in der konventionellen PSMA-PET/CT Bildgebung nicht oder nicht 

eindeutig sichtbar sind.  

Basierend auf dieser Erkenntnis untersuchte Originalarbeit 2 daraufhin systematisch den 

Einsatz und die Detektionsrate der [89Zr]Zr-PSMA-617-PET/CT bei Patienten mit BCR und 

zuvor negativer konventioneller PSMA-PET/CT. Bei 18 der untersuchten 23 Patienten mit BCR 
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und zuvor unauffälliger [68Ga]Ga-PSMA-11-PET/CT-Bildgebung konnten mittels [89Zr]Zr-

PSMA-617-PET/CT insgesamt 36 eindeutig tumorsuspekte Läsionen identifiziert werden, was 

einer patientenbasierten Detektionsrate von 78 % entspricht. Die Befunde wurden durch 

biochemische Ansprechraten nach gezielter Strahlentherapie sowie im Falle einer Operation 

durch eine histopathologische Untersuchung validiert.  

In Originalarbeit 3 wurde der Einsatz der [89Zr]Zr-PSMA-617-PET/CT bei Patienten mit BCR 

und zuvor unklaren Befunden in der konventionellen PSMA-PET/CT evaluiert. Bei 15 

untersuchten Patienten mit insgesamt 20 Läsionen, die in einer vorangegangenen [68Ga]Ga-

PSMA-11-PET/CT als unklar eingestuft wurden, ermöglichte die [89Zr]Zr-PSMA-617-PET/CT 

eine präzise Einordnung (6 Läsionen tumorsuspekt, 14 nicht tumorsuspekt). Dabei zeigte sich 

eine unterschiedliche Tracerkinetik beider Gruppen, wobei Tumorläsionen in den ersten 

24 Stunden einen steigenden Traceruptake und ein im weiteren zeitlichen Verlauf 

zunehmenden Kontrast gegenüber dem physiologischen Gewebe aufwiesen.  

Die [89Zr]Zr-PSMA-617-PET/CT erweist sich zusammenfassend als eine vielversprechende, 

sichere, komplementäre Bildgebungsoption mit akzeptabler Strahlenexposition für Patienten 

mit BCR des Prostatakarzinoms. Sie ermöglicht zum einen die Detektion von Tumorläsionen, 

die in der konventionellen PSMA-PET/CT nicht abgrenzbar sind und zum anderen die weitere 

Abklärung sowie präzise Einordnung zuvor unklarer Befunde. Die Ergebnisse der 

Originalarbeiten 1 – 3 liefern damit eine wissenschaftliche Grundlage und eine klare Rationale 

für zukünftige, idealerweise prospektive Studien mit größeren Patientenkohorten.  
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2.2 Summary 
 
Clinical translation of [89Zr]Zr-PSMA-617 PET/CT: biodistribution, tracer kinetics, 
dosimetry, and first applications 
 

Prostate-specific membrane antigen (PSMA)-targeted PET/CT is an established imaging 

modality for prostate cancer, particularly for the localization of biochemical recurrence (BCR) 

after primary therapy. Currently, PSMA PET/CT is routinely performed using short-lived PSMA 

tracers, such as [68Ga]Ga-PSMA-11. Despite the overall high diagnostic accuracy of 

conventional PSMA PET/CT, a substantial number of cases remains in which no tumor-

suspicious lesions can be detected, despite presence of BCR, or in which findings remain 

indeterminate. A limiting factor of the established conventional PSMA tracers is the short 

physical half-life of the radionuclides used (half-life of 68Ga: approximately 67.7 minutes). This 

restricts imaging to a few hours after injection and precludes image acquisition at later time 

points. The use of PSMA tracers labeled with long-lived radionuclides, such as zirconium-89 

(half-life of 89Zr: approximately 78.4 hours), could substantially improve the diagnostic 

performance of PSMA PET/CT imaging. 

This cumulative thesis comprises three original articles focusing on the clinical translation of 

[89Zr]Zr-PSMA-617, a long-lived PSMA tracer for PET/CT imaging in prostate cancer. 

Original article 1 investigated the biodistribution and tracer kinetics of [89Zr]Zr-PSMA-617, as 

well as the associated radiation exposure in 7 patients with BCR of prostate cancer, and 

presents initial clinical experience with [89Zr]Zr-PSMA-617 PET/CT. [89Zr]Zr-PSMA-617 

demonstrated a biodistribution comparable to that of conventional PSMA tracers and was 

associated with an acceptable radiation exposure (effective dose: 10.1 mSv for an 

administered activity of 111 MBq). [89Zr]Zr-PSMA-617 PET/CT proved to be safe with no 

evidence of adverse events. The long half-life of 89Zr enables imaging at later time points 

compared to conventional tracers (in this study investigated up to 72 hours post injection), 

resulting in increased tracer uptake in tumor lesions and a progressively improving tumor-to-

background ratio over time. Clinical observations from this pilot study indicate that [89Zr]Zr-

PSMA-617 PET/CT imaging may allow the detection of lesions that are not visible or only 

indeterminate on conventional PSMA PET/CT imaging. 

Building on these findings, original article 2 systematically evaluated the use and detection 

rate of [89Zr]Zr-PSMA-617 PET/CT in patients with BCR and previously negative conventional 

PSMA PET/CT imaging. In 18 of 23 patients with BCR and previously negative [68Ga]Ga-

PSMA-11 PET/CT imaging, a total of 36 tumor-suspicious lesions were identified using 

[89Zr]Zr-PSMA-617 PET/CT, corresponding to a patient-based detection rate of 78 %. The 

findings were validated by biochemical response rates following targeted radiotherapy and, in 

case of surgery, by histopathological examination.  
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Original article 3 evaluated the use of [89Zr]Zr-PSMA-617 PET/CT in patients with BCR and 

previously indeterminate findings on conventional PSMA PET/CT imaging. Among 15 patients 

with a total of 20 lesions classified as indeterminate on prior [68Ga]Ga-PSMA-11 PET/CT, 

[89Zr]Zr-PSMA-617 PET/CT enabled a precise characterization (6 lesions suspicious for tumor, 

14 not suspicious for tumor). Differences in tracer kinetics were observed between the two 

groups, with tumor lesions showing an increase in tracer uptake during the first 24 hours and 

a further progressively improving contrast to physiological tissue over time.  

In summary, [89Zr]Zr-PSMA-617 PET/CT provides a promising and safe complementary 

imaging method with acceptable radiation exposure for patients with BCR of prostate cancer. 

It enables both the detection of tumor lesions not visible on conventional PSMA PET/CT and 

the further evaluation and precise characterization of previously indeterminate findings. The 

results of the original articles 1 – 3 thus provide a scientific basis and a clear rationale for future 

studies, ideally in prospective settings with larger patient cohorts.  
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III. Einleitung und Zielsetzung 
 
In der Nuklearmedizin kommen Radiopharmaka sowohl zur molekularen Bildgebung als auch 

zur zielgerichteten Therapie verschiedenster Erkrankungen zum Einsatz [84]. Die 

Radiopharmaka, auch Tracer (engl. trace – Spur) genannt, bestehen typischerweise aus zwei 

Komponenten, einem biologisch aktiven Molekül (Vektor), welches aktiv in 

Stoffwechselprozessen interagiert oder an spezifische Zielstrukturen bindet sowie einem 

Radionuklid (Abbildung 1). Das Radionuklid ist entweder kovalent oder, im Falle von 

Radiometallen, über einen Chelator an die biologisch aktive Komponente gekoppelt. Durch 

diese Kombination lassen sich verschiedenste Krankheitsprozesse nach intravenöser Injektion 

eines solchen Tracers sichtbar machen oder gezielt behandeln. Abhängig vom jeweiligen 

Ziel (Diagnostik oder Therapie) kommen unterschiedliche Arten ionisierender Strahlung zum 

Einsatz [80]. Für therapeutische Zwecke werden !-Strahlung oder β--Strahlung genutzt. Zur 

molekularen Bildgebung hingegen dienen β+-Strahler in der Positronenemissionstomographie 

(PET) sowie "-Strahler in der Szintigraphie. Um die molekularen Befunde anatomisch präzise 

zuzuordnen, wird die PET i.d.R. mit einer Computertomographie (CT), als sogenannte 

Hybridbildgebung in Form einer PET/CT kombiniert [9]. Die PET/CT-Diagnostik wird bei 

unterschiedlichen Erkrankungen unter Verwendung verschiedener Tracer und Zielstrukturen 

eingesetzt und hat sich unter anderem in der Diagnostik des Prostatakarzinoms 

etabliert [25,44,67].  

 

 
 

Abbildung 1: Prinzip der nuklearmedizinischen zielgerichteten Diagnostik und Therapie. 
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In den vergangenen Jahren hat die PSMA-PET/CT, die als Zielstruktur das prostataspezifische 

Membranantigen (PSMA) verwendet, die Bildgebung des Prostatakarzinoms 

revolutioniert [34]. Das PSMA ist ein Transmembran-Glykoprotein, das auf der Oberfläche von 

Prostatakarzinomzellen stark überexprimiert wird und somit eine ideale Zielstruktur für die 

molekulare Bildgebung und Therapie des Prostatakarzinoms darstellt [30,39,56]. Mit etwa 

1,4 Millionen Neuerkrankungen jährlich und einer relativen Inzidenz von 14,1 % aller 

Tumorerkrankungen ist das Prostatakarzinom weltweit die zweithäufigste Tumorerkrankung 

und die vierthäufigste tumorbedingte Todesursache bei Männern [7,28]. Die PSMA-PET/CT 

ist heute ein fester Bestandteil der Diagnostik in verschiedenen Stadien des 

Prostatakarzinoms [18,73]. Zum Einsatz kommt sie unter anderem im Primärstaging von 

(Hochrisiko-)Prostatakarzinomen sowie bei der Therapieplanung und -kontrolle im 

fortgeschrittenen Stadium, beispielsweise im Kontext der PSMA-gerichteten 

Radioligandentherapie [12,19,27]. Mit am häufigsten wird die PSMA-PET/CT jedoch 

gegenwärtig zur Lokalisation eines biochemischen Rezidivs (BCR) eingesetzt [4]. 

 

Trotz der grundsätzlich hohen Heilungschancen eines lokal begrenzten Prostatakarzinoms 

durch radikale Prostatektomie oder Strahlentherapie entwickelt ein relevanter Anteil der 

Patienten im weiteren Verlauf ein Rezidiv, das sich biochemisch bzw. serologisch durch einen 

Anstieg des prostataspezifischen Antigens (PSA) bemerkbar macht [69,75]. In solchen Fällen 

ist es wichtig, das BCR frühzeitig und präzise zu lokalisieren, um eine gezielte weiterführende 

Behandlung, etwa durch zielgerichtete Bestrahlung oder Operation, ermöglichen zu können.  

 

Für die PSMA-PET/CT-Bildgebung wurden in den letzten Jahren diverse PSMA-Tracer 

entwickelt. Besonders verbreitet in der klinischen Anwendung sind derzeit mit Gallium-68-

markierte PSMA-Liganden wie [68Ga]Ga-PSMA-11 oder [68Ga]Ga-PSMA I&T sowie mit Fluor-

18-markierte PSMA-Liganden wie [18F]DCFPyl oder [18F]PSMA-1007 [1,17,31,78]. Studien 

haben gezeigt, dass [68Ga]Ga-PSMA-11 sowie andere etablierte konventionelle PSMA-Tracer 

eine hohe Sensitivität zur Tumorlokalisation bei BCR aufweisen [4,8,32,52]. Dennoch bleibt 

insbesondere bei Patienten mit niedrigen PSA-Werten eine relevante Anzahl von Fällen, in 

denen trotz BCR in der PSMA-PET/CT keine tumorsuspekten Läsionen dargestellt werden 

können oder nur unklare Befunde vorliegen [50]. In solchen Situationen ist eine gezielte, 

weiterführende Therapie auf Basis der Bildgebung nicht möglich. Ein limitierender Faktor von 
68Ga (sowie auch von 18F) ist die kurze physikalische Halbwertszeit von ca. 67,7 Minuten (bzw. 

ca. 109,8 Minuten). Diese begrenzt die Bildgebung auf wenige Stunden nach der Injektion des 

Tracers und verwehrt Bildakquisitionen zu späteren Zeitpunkten. 
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Der Einsatz von PSMA-Liganden, die mit langlebigen Radionukliden markiert sind, könnte die 

Sensitivität der PSMA-PET/CT weiter steigern. Durch die Möglichkeit späterer Bildakquisition 

nach Applikation bleibt theoretisch mehr Zeit für die spezifische intrazelluläre Anreicherung 

des Tracers in PSMA-exprimierenden Tumorzellen, was potenziell zu einer erhöhten 

Signalintensität in der PET führen könnte. Gleichzeitigt könnte die unspezifische 

Hintergrundaktivität durch renale und hepatische Elimination des freien Tracers abnehmen, 

wodurch sich das Signal-zu-Hintergrund-Verhältnis verbessern könnte und die Detektion 

sowie Abgrenzung von Läsionen hierdurch erleichtert wird. Basierend aus diesen 

pharmakokinetischen Überlegungen könnten Spätaufnahmen zudem helfen, unklare Befunde 

aus der konventionellen PSMA-PET/CT weiter abzuklären und präziser zu charakterisieren. 

 

Aufgrund seiner physikalischen Eigenschaften gilt Zirkonium-89 als ein interessantes und 

vielversprechendes Radionuklid für die Langzeit-PET-Bildgebung [20,26,82]. 89Zr ist ein 

Positronenstrahler mit einer Halbwertszeit von ca. 78,4 Stunden und findet bisher vor allem 

Anwendung in der Antikörper-basierten PET-Bildgebung [40,41,76]. Eine Markierung des 

PSMA-Liganden PSMA-11 mit 89Zr ist aufgrund seiner chemischen Struktur nicht möglich, da 

er keinen geeigneten Chelator zur stabilen Komplexierung von Zirkonium enthält. Im 

Gegensatz dazu können die PSMA-Liganden PSMA-617 und PSMA I&T mit 89Zr markiert 

werden, da sie die Chelatoren DOTA bzw. DOTAGA enthalten, welche eine stabile Bindung 

des Radionuklids ermöglichen (Abbildung 2) [49,58]. Privé et al. gelang es erstmals PSMA-

617 und PSMA I&T mit 89Zr zu markieren, die 89Zr-markierten PSMA-Liganden präklinisch zu 

charakterisieren und in Xenograft-Mausmodellen eine Anreicherung im Tumorgewebe bis zu 

einer Woche nach Injektion nachzuweisen [60]. Dabei zeigte [89Zr]Zr-PSMA-617 eine höhere 

Traceraufnahme im Tumorgewebe als [89Zr]Zr-PSMA I&T. In Zusammenarbeit mit der 

Arbeitsgruppe um Privé et al. wurde am Universitätsklinikum des Saarlandes 2021 weltweit 

erstmals eine in vivo PET/CT-Bildgebung mit  [89Zr]Zr-PSMA-617 durchgeführt.  

 

 

 
 

Abbildung 2: Molekülstruktur des PSMA-Tracers [89Zr]Zr-PSMA-617. 
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Ziel der Dissertation war die klinische Translation der [89Zr]Zr-PSMA-617-PET/CT bei 

Patienten mit BCR eines Prostatakarzinoms. Neben ersten klinischen Erfahrungen lag der 

Schwerpunkt auf der Analyse der biologischen Verteilung des Tracers, der Abschätzung der 

mit der Untersuchung verbundenen Strahlenexposition sowie der Evaluation potenzieller 

medizinischer Anwendungsfelder.  

 

Nachfolgend werden diese zentralen Inhalte ausführlich erläutert und diskutiert: 

 

 

1. Biodistribution, Tracerkinetik und Dosimetrie inklusive ersten klinischen Erfahrungen 

mit der [89Zr]Zr-PSMA-617-PET/CT bei Patienten mit BCR eines Prostatakarzinoms 

 

(Originalarbeit 1) 

 

2. Einsatz der [89Zr]Zr-PSMA-617-PET/CT bei Patienten mit BCR eines 

Prostatakarzinoms und zuvor negativer konventioneller PSMA-PET/CT 

 

(Originalarbeit 2) 

 

3. Einsatz der [89Zr]Zr-PSMA-617-PET/CT bei Patienten mit BCR eines 

Prostatakarzinoms und unklaren Befunden in der konventionellen PSMA-PET/CT 

 

(Originalarbeit 3) 
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IV. Zusammenfassende Darstellung der Originalarbeiten  
 
 

4.1 Biodistribution, Tracerkinetik und Dosimetrie von [89Zr]Zr-PSMA-617  

 
 
Originalarbeit 1 
 
 
Rosar F, Schaefer-Schuler A, Bartholomä M, Maus S, Petto S, Burgard C, Privé BM, Franssen 

GM, Derks YHW, Nagarajah J, Khreish F, Ezziddin S (2022) [89Zr]Zr-PSMA-617 PET/CT in 

biochemical recurrence of prostate cancer: first clinical experience from a pilot study including 

biodistribution and dose estimates. Eur J Nucl Med Mol Imaging 49:4736–4747 

 

 
Hintergrund und Fragestellung: 
Die PSMA-PET/CT hat in der Behandlung des Prostatakarzinoms, insbesondere bei der 

Lokalisierung eines BCR, zunehmend an Bedeutung gewonnen. Langlebige Radionuklide 

wie 89Zr (Halbwertszeit: ca. 78,4 Stunden) könnten die PSMA-PET/CT-Diagnostik durch die 

Möglichkeit späterer Bildaufnahmen weiter verbessern. Diese Studie stellt die ersten 

klinischen Erfahrungen mit der [89Zr]Zr-PSMA-617-PET/CT bei Patienten mit BCR eines 

Prostatakarzinoms zusammen und analysiert die Biodistribution und Tracerkinetik von [89Zr]Zr-

PSMA-617 sowie die damit verbundene Strahlenexposition. 

 

Methoden:   
Bei N = 7 Patienten mit BCR eines Prostatakarzinoms, bei denen in einer [68Ga]Ga-PSMA-11-

PET/CT entweder keine tumorsuspekten (n = 4) oder unklare Befunde (n = 3) vorlagen, wurde 

ergänzend eine [89Zr]Zr-PSMA-617-PET/CT durchgeführt. Die Bildgebung erfolgte zu vier 

Zeitpunkten: 1, 24, 48 und 72 Stunden nach intravenöser Applikation von 111 ± 11 MBq 

[89Zr]Zr-PSMA-617. Basierend auf diesen vier Bildgebungen wurde die physiologische 

Verteilung des Radiotracers und dessen Kinetik in Normalorganen mittels standardized uptake 

value (SUV) und Gewebe-zu-Hintergrund-Verhältnis (tissue-to-background ratio, TiBR) 

analysiert. Für Nieren, Leber, Milz und Speicheldrüsen wurde jeweils organspezifisch die 

absorbierte Strahlendosis berechnet. Darüber hinaus erfolgte die Ermittlung der effektiven 

Dosis für den Patienten. Zusätzlich wurde eine quantitative Analyse von tumorsuspekten 

Läsionen mittels SUVmax und Tumor-zu-Hintergrund-Verhältnis (tumor-to-background ratio, 

TBR) durchgeführt. 
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Ergebnisse: 
Bei allen N = 7 Patienten konnte die [89Zr]Zr-PSMA-617-PET/CT-Untersuchung ohne Auftreten 

von Nebenwirkungen bzw. unerwünschten Reaktionen durchgeführt werden. Ein 

physiologischer Uptake des Radiotracers [89Zr]Zr-PSMA-617 wurde in den Speichel- und 

Tränendrüsen, der Leber, der Milz, den Nieren, dem Darm sowie den ableitenden Harnwegen 

beobachtet (Abbildung 3).  

 

 

 
 

Abbildung 3: Repräsentatives Beispiel der physiologischen Verteilung von [89Zr]Zr-PSMA-
617 1 h, 24 h, 48 h und 72 h nach Injektion (post injectionem, p.i.) des Radiotracers. 
A: Maximumintensitätsprojektionen (MIP) der [89Zr]Zr-PSMA-617-PET/CT. B: Entsprechende 
Verläufe der Anreicherung des Radiotracers in ausgewählten Normalorganen (Niere, Leber, 
Milz, Glandula parotidea, Glandula submandibularis) sowie im Hintergrund 
(Glutealmuskulatur) quantifiziert durch die Parameter SUVmax, SUVpeak und SUVmean. 
(Abbildung aus Originalarbeit 1 [62]).  
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Der höchste durchschnittliche SUVmax wurde 1 h nach Injektion (post injectionem, p.i.) in den 

Nieren gemessen (21,15 ± 12,31) und nahm bis 72 h p.i. deutlich ab (7,43 ± 1,56) 

(Abbildung 4). In den Speichel- und Tränendrüsen zeigte sich der maximale Werte hingegen 

erst nach 24 h, wobei die Glandula submandibularis mit 17,30 ± 4,69 den höchsten Uptake 

aufwies. Ab diesem Zeitpunkt sank auch hier der Uptake bis zum Untersuchungsende. Ein 

kontinuierlicher Anstieg war hingegen nur im Kolon zu beobachten. Hier stieg der SUVmax von 

3,50 ± 2,21 nach 1 h auf 13,57 ± 5,00 nach 72 h an. Das TiBR nahm im Verlauf der ersten 

72 h für die meisten betrachteten Organe zu. Besonders hohe TiBR-Werte (≥ 50) wurden nach 

72 h p.i. in den Speicheldrüsen, den Nieren sowie im Kolon festgestellt.   

 

 
 
Abbildung 4: Deskriptive Statistik (Mittelwert ± Standardabweichung) der Biodistribution von 
[89Zr]Zr-PSMA-617 im zeitlichen Verlauf, quantifiziert durch A: SUVmax, B: SUVpeak, C: SUVmean 
und D: Gewebe-zu-Hintergrund-Verhältnis (TiBR). (Abbildung aus Originalarbeit 1 [62]). 
 
 
 
Unter den ausgewählten Organen wies die Glandula parotidea mit 0,601 ± 0,185 mGy/MBq 

(Minimum – Maximum: 0,368 – 0,859 mGy/MBq) die höchste absorbierte Dosis und damit 

höchste Strahlenexposition durch [89Zr]Zr-PSMA-617 auf, gefolgt von den Nieren 0,517 ± 

0,125 mGy/MBq (Minimum – Maximum: 0,307 – 0,674 mGy/MBq) und der Glandula 
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submandibularis mit 0,468 ± 0,136 mGy/MBq (Minimum – Maximum: 0,253 – 0,626 mGy/MBq) 

(Tabelle 1). Basierend auf diesen Werten ergab sich eine mittlere effektive Dosis von 0,0913 

± 0,0118 mSv/MBq (Minimum – Maximum: 0,0702 – 0,1131 mSv/MBq)  als 

Gesamtstrahlenexposition für den Patienten. Bei einer durchschnittlich verabreichten Aktivität 

von 111 MBq [89Zr]Zr-PSMA-617 entsprach dies einer mittleren effektiven Dosis von 10,1 mSv.  

 

 
Tabelle 1: Absorbierte Dosis und verschiedene dosimetrische Parameter für [89Zr]Zr-PSMA-
617 in ausgewählten Organen. (Tabelle aus Originalarbeit 1 [62]).  
 
Organ A 

(% injizierter A0) 
λ  

(h-1) 
TIAC 
 (h) 

Absorbierte Dosis 
(mGy/MBq) 

Niere  3,75 ± 1,24 0,022 ± 0,002 1,74 ± 0,44 0,517 ± 0,125 

Leber 6,62 ± 1,39 0,049 ± 0,014 1,54 ± 0,49 0,158 ± 0,051 

Milz 1,25 ± 0,70 0,079 ± 0,034 0,21 ± 0,12 0,175 ± 0,068 

Glandula parotidea 0,70 ± 0,20 0,031 ± 0,005 0,31 ± 0,10 0,601 ± 0,185 

Glandula submandibularis 0,27 ± 0,09 0,029 ± 0,004 0,13 ± 0,04 0,468 ± 0,136 

Tränendrüse 0,02 ± 0,01 0,030 ± 0,006 0,10 ± 0,004 0,156 ± 0,070 

 
Abkürzungen: A – Aktivität und λ – Zerfallskonstante als Parameter einer monoexponentiellen Fitfunktion, TIAC – time-integrated 
activity coefficient. 
 
 
 
 
Bei 3 von 4 Patienten (75 %) mit zuvor unauffälliger [68Ga]Ga-PSMA-11-PET/CT konnten 

mithilfe von [89Zr]Zr-PSMA-617 tumorsuspekte Läsionen identifiziert werden. Bei 2 von 3 

Patienten mit unklaren Befunden in der [68Ga]Ga-PSMA-11-PET/CT bestätigte sich der 

jeweilige Verdacht durch die [89Zr]Zr-PSMA-617-PET/CT. Bei einem Patienten ließ sich jedoch 

keine entsprechende Traceraufnahme im Bereich des zuvor unklaren Befundes nachweisen, 

womit der Malignitätsverdacht widerlegt werden konnte. Insgesamt zeigten sich 

14 tumorsuspekte Läsionen (1 – 5 pro Patient). In 10/14 Fällen handelte es sich um 

Lymphknotenmetastasen, in 3/14 um Lokalrezidive und in einem Fall um eine peritoneale 

Metastase. Der Großteil der Tumorläsionen (11/14 Läsionen) war in den frühen Aufnahmen 

1 h p.i. noch nicht sichtbar, konnte jedoch zu späteren Zeitpunkten eindeutig abgegrenzt 

werden: 9/11 Läsionen erstmals nach 24 h, 2/11 Läsionen nach 48 h. In denjenigen Läsionen, 

die bereits frühzeitig (nach 1 h) erkennbar waren (3/14 Läsionen), stieg der SUVmax bis 24 h p.i. 

deutlich an. In den späteren Aufnahmen (≥ 24 h p.i.) zeigte sich ein Plateau der SUVmax-Werte, 

während das TBR kontinuierlich mit der Zeit weiter zunahm (Abbildung 5). Eine beispielhafte 

Tumorläsion und deren zeitlicher Verlauf in der [89Zr]Zr-PSMA-617-PET/CT ist in Abbildung 6 

dargestellt. 
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Abbildung 5: A: Uptake quantifiziert durch SUVmax und B: Tumor-zu-Hintergrund-
Verhältnis (TBR) aller Tumorläsionen zu den Zeitpunkten 1 h, 24 h, 48 h und 72 h nach 
Injektion (p.i.) von [89Zr]Zr-PSMA-617; geordnet nach Lokalisation: Lokalrezidiv (LR), 
Lymphknotenmetastase (LNM) und peritoneale Metastase (PM). (Abbildung aus 
Originalarbeit 1 [62]). 
 
 

 
 
Abbildung 6: Maximumintensitätsprojektionen (MIP) und transversale PET/CT-Schnitte zu 
den Zeitpunkten A: 1 h, B: 24 h, C: 48 h und D: 72 h nach Injektion (p.i.) von [89Zr]Zr-PSMA-
617. Rote Pfeile markieren eine tumorsuspekte Traceranreicherung im Bereich der linken 
Samenblasenloge. (Abbildung aus Originalarbeit 1 [62]).   
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Hauptaussage:   
Die [89Zr]Zr-PSMA-617-PET/CT-Bildgebung stellt ein vielversprechendes neues 

molekularbildgebendes diagnostisches Verfahren für Patienten mit BCR eines 

Prostatakarzinoms dar. Der Radiotracer [89Zr]Zr-PSMA-617 zeigt eine mit konventionellen 

PSMA-Tracern vergleichbare Biodistribution und ist mit einer akzeptablen Strahlenexposition 

verbunden (effektive Dosis: 10,1 mSv bei Applikation von 111 MBq). Die lange Halbwertszeit 

von 89Zr ermöglicht im Vergleich zu konventionellen Tracern eine Bildgebung zu späteren 

Zeitpunkten (in dieser Studie untersucht bis zu 72 h p.i.), was zu einer erhöhten Anreicherung 

des Tracers in Tumorläsionen und zeitlich zunehmendem Tumor-zu-Hintergrund-Verhältnis 

führt. Die Ergebnisse dieser Pilotstudie weisen darauf hin, dass dadurch Läsionen erkannt 

werden können, die in der konventionellen PSMA-PET/CT-Bildgebung nicht oder nicht 

eindeutig sichtbar sind. Weitere Studien mit größeren Patientenkollektiven sind notwendig, um 

diese Beobachtung zu bestätigen, die eine entscheidende Bedeutung für das Management 

des BCR eines Prostatakarzinoms haben könnte.   
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4.2   Einsatz der [89Zr]Zr-PSMA-617 PET/CT bei zuvor negativer konventioneller 
PSMA-PET/CT 

 
 
Originalarbeit 2 
 
 
Rosar F, Khreish F, Marlowe RJ, Schaefer-Schuler A, Burgard C, Maus S, Petto S, 

Bartholomä M, Ezziddin S (2023) Detection efficacy of [89Zr]Zr-PSMA-617 PET/CT 

in [68Ga]Ga-PSMA-11 PET/CT-negative biochemical recurrence of prostate cancer. Eur J Nucl 

Med Mol Imaging 50:2899–2909 

 

Hintergrund und Fragestellung: 
Bei Patienten mit BCR eines Prostatakarzinoms deuten erste Daten eines kleinen 

Patientenkollektivs (Originalarbeit 1) darauf hin, dass mit [89Zr]Zr-PSMA-617, einem 

langlebigen 89Zr (Halbwertszeit: ca. 78,4 Stunden)-markierten PSMA-Radiotracer, 

tumorsuspekte Läsionen nachgewiesen werden können, die bei der Verwendung von 

konventionellen PSMA-Tracern mit kurzlebigen Radionukliden unentdeckt bleiben. Ziel dieser 

Studie war es, die Detektionsrate der [89Zr]Zr-PSMA-617-PET/CT bei Patienten mit BCR und 

zuvor negativer konventioneller PSMA-PET/CT-Bildgebung zu evaluieren. 

 

Methoden: 
Zur Evaluation der Detektionsrate der [89Zr]Zr-PSMA-617-PET/CT bei zuvor negativer 

konventioneller PSMA-PET/CT-Bildgebung wurden N = 23 [89Zr]Zr-PSMA-617-PET/CT-

Untersuchungen mit jeweils Bildakquisitionen 1 h, 24 h und 48 h p.i. retrospektiv analysiert. 

Die Studienkohorte umfasste 23 Männer mit BCR nach radikaler Prostatektomie mit einem 

medianen PSA-Wert von 0,54 ng/ml (Minimum – Maximum: 0,11 – 2,50 ng/ml). Alle Patienten 

erhielten eine [68Ga]Ga-PSMA-11-PET/CT im Mittel 40 ± 28 Tage vor der [89Zr]Zr-PSMA-617-

PET/CT-Bildgebung, jeweils ohne Nachweis tumorsuspekter Läsionen. Neben der visuellen 

Bildauswertung der [89Zr]Zr-PSMA-617-PET/CT, bei der die Anzahl und die Lokalisation 

tumorsuspekter Läsionen erfasst wurde, erfolgte für die identifizierten Läsionen die 

Bestimmung der quantitativen PET-Parameter SUVmax, SUVpeak sowie der entsprechenden 

Tumor-zu-Hintergrund-Verhältnisse TBRmax und TBRpeak. Zur Validierung der in der [89Zr]Zr-

PSMA-617-PET/CT tumorsuspekten Läsionen erfolgte die Erhebung von Daten zu den im 

Anschluss an die Bildgebung durchgeführten Therapien und interventionellen Maßnahmen 

sowie deren Ergebnissen.  
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Ergebnisse: 
Bei 18 der 23 Patienten (78 %) mit BCR und zuvor unauffälliger [68Ga]Ga-PSMA-11-PET/CT-

Bildgebung konnten mittels [89Zr]Zr-PSMA-617-PET/CT eindeutig tumorsuspekte Läsionen 

identifiziert werden (exemplarisch Abbildung 7). Insgesamt wurden bei diesen 18 Patienten 

36 tumorsuspekte Läsionen detektiert (1 – 4 Läsionen pro Patient). Von diesen 

nachgewiesenen Läsionen wurden 11 Läsionen als Lokalrezidive in der Prostataloge, 21 als 

Lymphknotenmetastasen und 4 als Knochenmetastasen gewertet (Abbildung 8 und 9).  Von 

insgesamt 36 Läsionen waren 33 (92 %) in den Aufnahmen 24 h p.i. sichtbar, die ausnahmslos 

auch nach 48 h nachweisbar blieben. Die restlichen 3 Läsionen (8 %), die jeweils alle als 

Lokalrezidive in der Prostataloge interpretiert wurden, waren ausschließlich in der Aufnahme 

48 h p.i. erkennbar. Lediglich eine Läsion, klassifiziert als Knochenmetastase, kam bereits in 

der Aufnahme 1 h p.i. zur Darstellung; sie konnte ebenso in den Aufnahmen 24 h und 48 h p.i. 

abgegrenzt werden. 

 

 
Abbildung 7: Maximumintensitätsprojektionen (MIP) A: der [89Zr]Zr-PSMA-617-PET/CT zu 
den Zeitpunkten 1 h, 24 h, 48 h nach Injektion (p.i.) und B: der [68Ga]Ga-PSMA-11-PET/CT 
zum Zeitpunkt 1 h p.i. eines Patienten mit BCR eines Prostatakarzinoms. Die [89Zr]Zr-PSMA-
617-PET/CT zeigte in den Aufnahmen 24 h und 48 h p.i. sowohl eine tumorsuspekte Läsion 
in der Prostataloge (roter Pfeil) als auch einen tumorsuspekten pelvinen Lymphknoten (grüner 
Pfeil), die jeweils in der [68Ga]Ga-PSMA-11-PET/CT nicht nachweisbar waren. (Abbildung aus 
Originalarbeit 2 [63]).  
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Abbildung 8: PET/CT-Transversalschnitte zweier Patienten (A und B) mit jeweils Darstellung 
eines mutmaßlichen Lokalrezidivs in der Prostataloge (grüne Pfeile), das mittels [89Zr]Zr-
PSMA-617-PET/CT (linke Spalte) nachgewiesen wurde, jedoch in der [68Ga]Ga-PSMA-11-
PET/CT (rechte Spalte) nicht erkennbar war. (Abbildung aus Originalarbeit 2 [63]). 
 
 
 

 
 
Abbildung 9: PET/CT-Transversalschnitte zweier Patienten (A und B) mit jeweils Darstellung 
einer mutmaßlichen pelvinen Lymphknotenmetastase (grüne Pfeile), die mittels [89Zr]Zr-
PSMA-617-PET/CT (linke Spalte) nachgewiesen wurde, jedoch in der [68Ga]Ga-PSMA-11-
PET/CT (rechte Spalte) nicht erkennbar war. (Abbildung aus Originalarbeit 2 [63]).  
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Bei der quantitativen Auswertung aller 33 Läsionen, die sowohl in den 24 h als auch in den 

48 h p.i. akquirierten Aufnahmen sichtbar waren, zeigte sich kein signifikanter Unterschied im 

SUVmax zwischen den Akquisitionszeitpunkten (p = 0,104). Der SUVpeak war hingegen in der 

Aufnahme 48 h p.i. geringfügig, aber signifikant niedriger (p = 0,010). Im Gegensatz dazu 

zeigten die Tumor-zu-Hintergrund-Verhältnisse TBRmax und TBRpeak signifikant höhere Werte 

in der Aufnahme 48 h p.i. (jeweils p < 0,001) (Abbildung 10). Diese Beobachtung von im 

zeitlichen Verlauf steigenden Tumor-zu-Hintergrund-Verhältnissen ließ sich konsistent über 

alle Tumorlokalisationen (Lokalrezidiv, Lymphknoten- und Knochenmetastasen) hinweg 

beobachten.  

 

 
 

Abbildung 10: Vergleich der quantitativen PET-Parameter A: SUVmax, B: SUVpeak sowie der 
entsprechenden Tumor-zu-Hintergrund-Verhältnisse (TBR) C: TBRmax und D: TBRpeak der 
detektierten tumorsuspekten Läsionen 24 h und 48 h nach Injektion (p.i.) von [89Zr]Zr-PSMA-
617. (Abbildung aus Originalarbeit 2 [63]).   
 
 

Alle 18 Patienten mit Nachweis tumorsuspekter Läsionen in der [89Zr]Zr-PSMA-617-PET/CT 

erhielten eine Behandlung auf Grundlage der Ergebnisse der [89Zr]Zr-PSMA-617-PET/CT. Ein 

Patient unterzog sich einer Lymphadenektomie eines solitären tumorsuspekten 

Lymphknotens. Histopathologisch konnte dieser mittels Immunhistochemie als 

Lymphknotenmetastase des Prostatakarzinoms bestätigt werden. Die übrigen Patienten 

erhielten entweder eine gezielte Bestrahlung mit Zielvolumen und Dosisverteilung basierend 
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auf den Befunden der [89Zr]Zr-PSMA-617-PET/CT (n = 15) oder eine systemische 

Androgendeprivationstherapie (n = 2). Bei allen Patienten, die eine Strahlentherapie erhielten, 

kam es im Anschluss an die Behandlung zu einem Abfall des PSA-Werts (im Mittel um 

72 ± 25 %). Bei 5 von 15 Patienten lag der PSA-Wert nach Bestrahlung unterhalb der 

Nachweisgrenze (< 0,05 ng/ml).  

 

Hauptaussage: 
Die  [89Zr]Zr-PSMA-617-PET/CT zeigt sich bei Männern mit BCR als vielversprechende 

Methode zur Detektion von Lokalrezidiven und Metastasen, die in der konventionellen PSMA-

PET/CT-Bildgebung, wie der [68Ga]Ga-PSMA-11-PET/CT unentdeckt bleiben. In der 

untersuchten Kohorte lag die Detektionsrate der [89Zr]Zr-PSMA-617-PET/CT bei zuvor 

unauffälliger konventioneller PSMA-PET/CT-Bildgebung bei 78 %. Die Befunde wurden durch 

biochemische Ansprechraten nach gezielter Strahlentherapie sowie im Falle einer Operation 

durch eine histopathologische Untersuchung validiert. Aufgrund des zunehmenden Tumor-zu-

Hintergrund-Verhältnisses im zeitlichen Verlauf sowie der Tatsache, dass einzelne Läsionen 

ausschließlich in den Aufnahmen 48 h p.i. detektiert werden konnten, scheint der spätere 

Bildgebungszeitpunkt 48 h p.i. dem Zeitpunkt 24 h p.i. überlegen zu sein.   
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4.3   Einsatz der [89Zr]Zr-PSMA-617-PET/CT bei unklaren Befunden in der 
konventionellen PSMA-PET/CT 

 
 
Originalarbeit 3 
 
 
Rosar F, Burgard C, Larsen E, Khreish F, Marlowe RJ, Schaefer-Schuler A, Maus S, Petto S, 

Bartholomä M, Ezziddin S (2024) [89Zr]Zr-PSMA-617 PET/CT characterization of 

indeterminate [68Ga]Ga-PSMA-11 PET/CT findings in patients with biochemical recurrence of 

prostate cancer: lesion-based analysis. Cancer Imaging 24:27 

 

Hintergrund und Fragestellung: 
Der aktuelle Standard zur Bildgebung bei Männern mit BCR eines Prostatakarzinoms ist die 

PSMA-PET/CT unter Verwendung kurzlebiger Radiotracer wie beispielsweise [68Ga]Ga-

PSMA-11 (Halbwertszeit 68Ga: ca. 67,7 Minuten). Allerdings liefern diese Untersuchungen 

nicht selten unklare Befunde, deren weitere Charakterisierung nach wie vor eine 

Herausforderung darstellt. Langlebige PSMA-gerichtete Radiotracer, die mit 
89Zr (Halbwertszeit: ca. 78,4 Stunden) markiert sind, wie beispielsweise [89Zr]Zr-PSMA-617, 

ermöglichen spätere Bildgebungszeitpunkte mit zeitlich steigendem Tumor-zu-Hintergrund-

Verhältnis (Originalarbeit 1 und 2). Dies könnte eine präzisere Einschätzung von Läsionen 

erlauben, die in der konventionellen PSMA-PET/CT als unklar beurteilt wurden. Ziel der 

vorliegenden Studie war es daher zu untersuchen, ob der Malignitätsverdacht unklarer 

Befunde aus der konventionellen PSMA-PET/CT mithilfe der [89Zr]Zr-PSMA-617-PET/CT 

präziser bewertet werden kann.  

 

Methoden:  
Insgesamt erhielten 15 Patienten mit BCR bei einem medianen PSA-Wert von 0,54 ng/ml 

(Minimum – Maximum: 0,23 – 1,75 ng/ml) eine [89Zr]Zr-PSMA-617-PET/CT, nach dem bei 

ihnen in zuvor durchgeführten [68Ga]Ga-PSMA-11-PET/CT-Untersuchungen N = 20 Läsionen 

als unklar beurteilt wurden (davon 4 mögliche Lokalrezidive, 8 mögliche 

Lymphknotenmetastasen und 8 mögliche Knochenmetastasen). Die [89Zr]Zr-PSMA-617-

PET/CT-Akquisitionen erfolgten jeweils 1 h, 24 h und 48 h nach Applikation von 123 ± 19 MBq 

[89Zr]Zr-PSMA-617 und fanden im Mittel 35 ± 35 Tage nach der vorangegangenen [68Ga]Ga-

PSMA-11-PET/CT-Untersuchung statt. Zusätzlich zur visuellen Beurteilung der 20 Läsionen 

in der [89Zr]Zr-PSMA-617-PET/CT erfolgte für alle Läsionen eine quantitative Auswertung 

anhand der Bestimmung des SUVmax sowie des Tumor-zu-Leber-Verhältnisses (tumor-to-liver 

ratio, TLR). Zur Validierung der Befundbeurteilung  wurden Informationen zu im Anschluss an 
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die [89Zr]Zr-PSMA-617-PET/CT durchgeführten Therapien und interventionellen Maßnahmen 

sowie deren Ergebnissen erhoben.  

 

 

Ergebnisse:  
Von insgesamt 20 Läsionen, die in der [68Ga]Ga-PSMA-11-PET/CT als unklar im Hinblick auf 

Manifestationen des Prostatakarzinoms beurteilt wurden, wurden in der [89Zr]Zr-PSMA-617 

6 dieser Läsionen (30%) als tumorsuspekt und 14 Läsionen (70%) als nicht-tumorsuspekt 

eingestuft. Die in der [89Zr]Zr-PSMA-617 als tumorsuspekt klassifizierten Läsionen umfassten 

3 von 4 möglichen Lokalrezidiven, 1 von 8 möglichen Lymphknotenmetastasen sowie 2 von 8 

potenziellen Knochenmetastasen (exemplarisch Abbildung 11 und 12). 

 

 

 
 

Abbildung 11: PET/CT-Transversalschnitte dreier Patienten (jeweils eine Spalte) mit unklaren 
Befunden (rote Pfeile) in der [68Ga]Ga-PSMA-11-PET/CT (obere Reihe, Aufnahmen 1 h p.i.), 
die in der [89Zr]Zr-PSMA-617-PET/CT (untere Reihe, Aufnahmen 48 h p.i.) eindeutig als 
tumorsuspekt klassifiziert werden konnten, entsprechend (von links nach rechts) als 
Lokalrezidiv, Lymphknotenmetastase und Knochenmetastase eines Prostatakarzinoms. 
(Abbildung aus Originalarbeit 3 [64]).  
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Abbildung 12: PET/CT-Transversalschnitte dreier Patienten (jeweils eine Spalte) mit unklaren 
Befunden (grüne Pfeile) in der [68Ga]Ga-PSMA-11-PET/CT (obere Reihe, Aufnahmen 1 h p.i.), 
die jedoch in der [89Zr]Zr-PSMA-617-PET/CT (untere Reihe, Aufnahmen 48 h p.i.) eindeutig 
als nicht tumorsuspekt klassifiziert werden konnten. (Abbildung aus Originalarbeit 3 [64]). 
 
 

Bei den als tumorsuspekt bewerteten Läsionen zeigte sich zwischen der 1 h und der 24 h p.i. 

Aufnahme ein deutlicher Anstieg des Traceruptakes (SUVmax). Dieser Uptake blieb im weiteren 

zeitlichen Verlauf weitgehend stabil. Im Gegensatz dazu nahm der Uptake in den als nicht 

tumorsuspekt (und als unspezifisch) eingeordneten Läsionen im Verlauf kontinuierlich ab. 

Entsprechend stieg das TLR bei tumorsuspekten Läsionen im zeitlichen Verlauf deutlich an, 

während das TLR bei unspezifischen Läsionen unverändert blieb oder abnahm 

(Abbildung 13).  

 

In der durchgeführten [89Zr]Zr-PSMA-617-PET/CT konnten darüber hinaus bei 7 Patienten 

insgesamt 11 weitere tumorsuspekte Läsionen identifiziert werden, die in der zuvor erfolgten 

[68Ga]Ga-PSMA-11-PET/CT nicht abgrenzbar waren. Bei drei dieser neu entdeckten Läsionen 

handelte es sich um Lokalrezidive, bei acht um Lymphknotenmetastasen. Sämtliche bereits in 

der [68Ga]Ga-PSMA-11-PET/CT als eindeutig tumorsuspekt bewertete Läsionen, waren auch 

in der [89Zr]Zr-PSMA-617-PET/CT eindeutig darstellbar.  

 

Im Anschluss an die [89Zr]Zr-PSMA-617-PET/CT-Bildgebung erhielten 12 von 15 

Patienten (80 %) eine zielgerichtete Strahlentherapie der in der [89Zr]Zr-PSMA-617-PET/CT 

als tumorsuspekt bewerteten Läsionen. Nach der gezielten Bestrahlung dieser Befunde sank 

der PSA-Wert im Mittel um 84 ± 26 % ab. Bei 6 von 12 Patienten lag der PSA-Wert danach 

unterhalb der Nachweisgrenze.  
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Abbildung 13: Zeitlicher Verlauf des Traceruptakes (SUVmax) und des Tumor-zu-Leber-
Verhältnisses (TLR) für tumorsuspekte Läsionen (rot) im Vergleich zu als nicht tumorsuspekt 
bzw. unspezifisch bewerteten Läsionen (schwarz) in der [89Zr]Zr-PSMA-617-PET/CT. 
A: SUVmax, B: relative Änderung des SUVmax, C: Tumor-zu-Leber-Verhältnis (TLR) und 
D: relative Änderung der TLR. (Abbildung aus Originalarbeit 3 [64]).    
 
 
Hauptaussage: 
Die [89Zr]Zr-PSMA-617-PET/CT ermöglicht eine weiterführende Abklärung und präzise 

Einordnung von Läsionen, die in der [68Ga]Ga-PSMA-11-PET/CT zuvor als unklar eingestuft 

wurden. Tumorsuspekte Läsionen unterscheiden sich dabei durch eine charakteristisch 

abweichende Tracerkinetik von nicht tumorsuspekten Läsionen. Die [89Zr]Zr-PSMA-617-

PET/CT erweist sich somit als vielversprechende Bildgebungsmodalität und sollte als 

komplementäres Verfahren für die klinische Routine in Betracht gezogen werden.  
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V. Diskussion 
 

[89Zr]Zr-PSMA-617 ist ein innovativer Tracer zur PET/CT-Diagnostik des Prostatakarzinoms, 

der sich durch die lange physikalische Halbwertszeit des Radionuklids 89Zr von 

ca. 78,4 Stunden auszeichnet. Im Rahmen dieser Dissertation werden erste klinische 

Erfahrungen mit der Anwendung der [89Zr]Zr-PSMA-617-PET/CT bei Patienten mit BCR des 

Prostatakarzinoms vorgestellt. Der Schwerpunkt lag auf der Analyse der Biodistribution, der 

Tracerkinetik, der Abschätzung der Strahlenexposition sowie einer ersten Bewertung 

potenzieller klinischer Einsatzgebiete. 

 

In Originalarbeit 1 lag der Fokus auf der Biodistribution, Tracerkinetik und Dosimetrie von 

[89Zr]Zr-PSMA-617. Beim Vergleich der Biodistribution von [89Zr]Zr-PSMA-617 mit den 

etablierten Tracern [68Ga]Ga-PSMA-11 und [68Ga]Ga-PSMA-617 zeigte sich ein ähnliches 

Verteilungsmuster eine Stunde nach Injektion mit intensiver physiologischer Anreicherung in 

den Speichel- und Tränendrüsen, Nieren, Leber, Milz und dem Dünndarm [2,3]. Diese 

Anreicherung ist auf die bekannte physiologische PSMA-Expression in diesen Organen und 

z.T. auch auf renale Tracerausscheidung zurückzuführen [43,70]. Im Gegensatz zu den 

konventionellen PSMA-Tracern erlaubt die längere Halbwertszeit von 89Zr auch spätere 

Bildgebungszeitpunkte mit [89Zr]Zr-PSMA-617. In der vorliegenden Studie wurden 

Bildakquisitionen bis 72 Stunden nach Injektion durchgeführt. Während der Traceruptake in 

Nieren, Leber und Milz über die Zeit stetig zurückging, stieg er in Speichel- und Tränendrüsen 

sowie im Dünndarm bis 24 Stunden nach Injektion weiter an und nahm erst anschließend ab. 

Zudem zeigte sich ein über die Zeit zunehmender Traceruptake im Kolon, was auf eine, neben 

einer renalen Exkretion, zunehmende Ausscheidung über den Darm (hepatische Elimination) 

hinweist. Ähnliche Beobachtungen wurde auch für [177Lu]Lu-PSMA-617 (Halbwertszeit 

Lutetium-177: ca. 6,6 Tage) im Rahmen von Dosimetrie-Studien beschrieben [21,46]. Im 

Gegensatz zu der physiologischen Traceranreicherung in den Organen zeigte sich bei den 

detektierten Tumorläsionen ein zunehmender Traceruptake bis 24 Stunden nach Injektion, der 

danach bis zum Untersuchungsende nach 72 Stunden stabil blieb. Dies lässt sich durch die 

Internalisierung des Radioliganden-PSMA-Komplexes und die nachfolgende intrazelluläre 

Speicherung erklären [48,79]. In Kombination mit der fortschreitenden Clearance des Tracers 

aus gesundem Gewebe führt dies zu deutlich steigenden Tumor-zu-Hintergrund-

Verhältnissen, was die Detektion von Tumoren erheblich verbessert (vide infra, 

Originalarbeiten 2 und 3). 

 

Die geschätzte effektive Dosis von [89Zr]Zr-PSMA-617 bei einer applizierten Aktivität von 

111 MBq (3 mCi) betrug 10,1 mSv (0,0913 ± 0,0118 mSv/MBq) und liegt damit etwa zwei- bis 
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dreimal höher als bei PET-Untersuchungen mit konventionellen PSMA-Tracern in den jeweils 

üblich verwendeten Aktivitäten. Für [68Ga]Ga-PSMA-11 oder [68Ga]Ga-PSMA-617 ergeben 

sich bei Standardaktivität von 200 MBq ca. 4,6 mSv (0,023 mSv/MBq) bzw. 

4,2 mSv (0,021 mSv/MBq) [2,3].  Analog zu den konventionellen PSMA-Tracern erhielten die 

Glandula parotidea und die Nieren die höchsten Organdosen, wobei die absoluten Dosen im 

Vergleich zu den konventionellen Tracern etwa drei- bis viermal höher ausfielen [2,3]. Eine 

höhere Strahlenexposition durch [89Zr]Zr-PSMA-617 im Vergleich zu konventionellen PSMA-

Tracern war aufgrund der deutlich längeren Halbwertszeit von 89Zr zu 68Ga (ca. 78,4 Stunden 

vs. 67,7 Minuten) grundsätzlich zu erwarten. Die tatsächlich berechnete Dosis fiel jedoch 

vergleichsweise gering aus – insbesondere im Vergleich zu [89Zr]Zr-PSMA-DFO 

(0,15 mSv/MBq, entsprechend 16,6 mSv bei 111 MBq), einem zuvor von der Arbeitsgruppe 

um Dietlein et al. entwickelten 89Zr-markierten PSMA-Tracer, sowie deutlich niedriger als für 

[89Zr]Zr-Df-IAB2M (0,41 mSv/MBq, entsprechend 45 mSv bei 111 MBq), einem 89Zr-markierten 

PSMA-gerichteten Antikörperfragment (Minibody) [23,57]. Da die Langzeit-PET-Bildgebung 

mit 89Zr-markierten Antikörpern typischerweise mit einer sehr hohen Strahlenbelastung 

einhergeht [10,47,57,81], stellt die vergleichsweise niedrige Exposition einen klaren Vorteil für 

PSMA-Liganden dar. [89Zr]Zr-PSMA-617 ist damit bislang der 89Zr-basierte PSMA-Tracer mit 

der geringsten Strahlenexposition in vivo. Die Strahlenbelastung durch die [89Zr]Zr-PSMA-617-

PET liegt mit etwa 10 mSv somit in einem akzeptablen Bereich und entspricht in ihrer 

Größenordnung etwa der einer diagnostischen CT von Thorax und Abdomen [11]. Neben dem 

Aspekt der Strahlenbelastung zeigte sich allgemein die [89Zr]Zr-PSMA-617-PET/CT als 

sicheres Verfahren ohne Hinweis auf unerwünschte Wirkungen. Nebenwirkungen wie 

beispielsweise Mundtrockenheit, wie sie typischerweise bei der PSMA-Radioligandentherapie 

mit therapeutischen Radionukliden (z.B. 177Lu) beobachtet werden [35,42,65], traten nicht auf.  

Eine zentrale klinische Beobachtung von Originalarbeit 1 war, dass bei 3 von 4 Patienten 

(75 %) mit zuvor negativer [68Ga]Ga-PSMA-11-PET/CT in der [89Zr]Zr-PSMA-617-PET/CT 

tumorsuspekte Läsionen (Lokalrezidiv oder Lymphknotenmetastasen) detektiert werden 

konnten. Originalarbeit 2 untersuchte daraufhin systematisch den Einsatz und die 

Detektionsrate der [89Zr]Zr-PSMA-617-PET/CT bei Patienten mit BCR mit zuvor negativer 

konventioneller PSMA-PET/CT. Bei 18 von 23 Patienten mit BCR und zuvor unauffälliger 

[68Ga]Ga-PSMA-11-PET/CT-Bildgebung konnten mittels [89Zr]Zr-PSMA-617-PET/CT 

eindeutig tumorsuspekte Läsionen identifiziert werden (insgesamt 36 Läsionen, jeweils 1 bis 

4 Läsionen pro Patient, lokalisiert als Lokalrezidiv, Lymphknoten oder Knochenmetastasen), 

was einer patientenbasierten Detektionsrate von 78 % entspricht. Ein posttherapeutischer 

Abfall des PSA-Werts nach gezielter Bestrahlung (in vielen Fällen unter die Nachweisgrenze) 

sowie eine histopathologische Untersuchung im Falle einer Operation bestätigten, dass es 

sich bei diesen Läsionen um Tumormanifestationen und damit um richtig-positive Befunde der 
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PET-Bildgebung handelte. Die diagnostische Überlegenheit der [89Zr]Zr-PSMA-617-PET/CT 

gegenüber der [68Ga]Ga-PSMA-11-PET/CT liegt in der längeren Halbwertszeit des Tracers 

begründet. Diese erlaubt, wie zuvor diskutiert, spätere Bildgebungszeitpunkte, wodurch 

Tumorläsionen zur Darstellung kommen, die mit kurzlebigen PSMA-Tracern nicht abgegrenzt 

werden können. Die in den ersten 24 Stunden zunehmende und anschließend anhaltende 

Anreicherung des Tracers in den Tumorläsionen sowie die gleichzeitig im zeitlichen Verlauf 

deutlich abnehmende Hintergrundaktivität in Blutgefäßen, Weichteilen sowie den ableitenden 

Harnwegen, insbesondere der Blase, führen zu einem erheblich verbesserten Kontrast 

zwischen Tumorläsion und Umgebung. Dies führt zu einer verbesserten Detektion kleinster 

pathologischer Strukturen.  

Diese beobachte Überlegenheit einer 89Zr-basierten PSMA-PET/CT stimmt mit den 

Ergebnissen von Dietlein et al. überein, die in 57 % der Patienten mit initial negativer PSMA-

PET/CT (mit [68Ga]Ga-PSMA-11 oder [18F]JK-PSMA-7) Tumorläsionen mittels [89Zr]Zr-PSMA-

DFO-PET/CT (2 – 3 Tage nach Injektion) nachweisen konnten [23]. Die in Originalarbeit 2 

ermittelte Detektionsrate der [89Zr]Zr-PSMA-617-PET/CT von 78 % bei zuvor negativer 

[68Ga]Ga-PSMA-11-PET/CT wurde durch eine nachfolgende Studie von Burgard et al. mit 

einem erweiterten Patientenkollektiv (N = 33) bestätigt [13]. Burgard et al. konnten zudem eine 

bis zu 100-fache Kontrastzunahme von Tumorläsionen gegenüber dem unmittelbar 

angrenzenden Gewebe nachweisen [13]. 

Die 89Zr-basierte PSMA-PET/CT stellt damit eine vielversprechende ergänzende Option für 

Patienten mit BCR und unklarer Tumorlokalisation in der konventionellen PSMA-PET/CT dar. 

Trotz der insgesamt hohen diagnostischen Genauigkeit der konventionellen PSMA-PET/CT, 

die anderen bildgebenden Standardverfahren wie der Magnetresonanztomographie (MRT), 

der CT oder der Skelettszintigraphie in der Detektion von Metastasen bereits überlegen 

ist [36,54,85], bleibt ein nicht unerheblicher Anteil an Untersuchungen mit negativem, d.h. 

ohne pathologischen Befund [4,14]. In der bislang größten Studie zur [68Ga]Ga-PSMA-11-

PET/CT bei BCR des Prostatakarzinoms von Afshar-Oromieh et al. mit insgesamt 2553 

Patienten wurde eine patientenbasierte Gesamtdetektionsrate von 68,9 % berichtet [4]. Diese 

Rate zeigte jedoch eine klare Abhängigkeit vom PSA-Wert, wobei die Detektionsrate mit 

steigenden PSA-Werten zunahm [4]. In einer aktuellen multizentrischen Studie von 

Burgard et al., in der verschiedene konventionelle PSMA-Tracer untersucht wurden, konnte 

bei einem PSA-Wert ≤ 0,2 ng/ml eine gepoolte Detektionsrate von 29,6 % festgestellt 

werden [14]. Diese war weitgehend unabhängig davon, ob ein 68Ga- oder 18F-basierter 

konventioneller Tracer verwendet wurde [14]. Damit gelingt bei einem Großteil der Patienten, 

insbesondere bei niedrigen PSA-Werten, kein bildgebender Tumornachweis. Eine frühzeitige 

Strahlentherapie muss daher häufig unspezifisch auf die Prostataloge ausgerichtet werden. 
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Dies erhöht das Risiko einer unzureichenden oder fehlgerichteten Bestrahlung, falls sich 

beispielsweise das Rezidiv an anderer Stelle befindet. Insbesondere bei höhergradigen 

Prostatakarzinomen ist jedoch eine frühzeitige Strahlentherapie bei noch sehr niedrigen PSA-

Werten mit einer besseren Prognose verbunden [29,72]. Durch die Lokalisation des BCR 

mittels molekularer Bildgebung kann das Rezidiv gezielt im Rahmen einer sogenannten PET-

gesteuerten Salvage-Strahlentherapie mit kurativer Intention behandelt werden [22,24,71]. 

Eine aktuelle Metaanalyse von 34 Studien zeigt, dass eine PSMA-PET/CT-Untersuchung bei 

etwa der Hälfte der Patienten mit BCR die therapeutische Behandlung beeinflusst [59]. Sie 

eröffnet einen individuell zugeschnittenen, personalisierten Therapieansatz. Die präzise 

Kenntnis der Tumorlage ermöglicht beispielsweise die Strahlendosis im Bereich der 

Tumorregion gezielt zu erhöhen [77]. Im Falle von größeren Lokalrezidiven oder 

Lymphknotenmetastasen kann zudem eine Salvage-Operation in Erwägung gezogen 

werden [38,45]. Calais et al. konnten nachweisen, dass die molekulare Bildgebung einen 

maßgeblichen Einfluss auf die Planung der Strahlentherapie hat [15]. In einem großen Teil der 

Fälle führte sie zu einer Modifikation des Bestrahlungskonzepts bzw. des -plans [15]. In einer 

prospektiven Phase-3-Studie von Armstrong et al. konnte dies kürzlich bestätigt werden [5]. 

Mehrere Studien mit retrospektiven Vergleichen weisen darauf hin, dass eine PSMA-basierte 

Strahlentherapie das Outcome der Patienten verbessert [51,66,74,83]. Die Outcome-Daten 

der Phase-3-Studie von Armstrong et al. stehen zum gegenwärtigen Zeitpunkt noch aus [5]. 

Die zielgerichtete Behandlung von Metastasen, auch bekannt als metastasis-directed 

therapy (MDT), ist nicht nur bei singulären, sondern ebenso bei oligofokalen Metastasen eine 

vielversprechende Option. Ziel der MDT im oligometastasierten Stadium ist es, das 

Zeitintervall bis zur Einleitung einer systemischen Therapie zu verlängern und gleichzeitig eine 

dauerhafte lokale Tumorkontrolle zu erreichen. Mehrere retrospektive Studien konnten für die 

MDT bereits vielversprechende Ergebnisse liefern [6,37,53,55]. Voraussetzung für den Erfolg 

dieses Konzepts ist jedoch die zuverlässige Identifikation aller Metastasen. In der 

konventionellen PSMA-PET/CT-Diagnostik finden sich jedoch nicht selten unklare Befunde, 

deren weitere Charakterisierung essenziell ist, aber nach wie vor eine Herausforderung 

darstellt.  

In Originalarbeit 1 konnte bei 2 von 3 Patienten mit unklaren Befunden in der [68Ga]Ga-PSMA-

11-PET/CT der jeweilige Verdacht durch eine ergänzende [89Zr]Zr-PSMA-617-PET/CT 

bestätigt werden; bei einem Patienten wurde dieser hingegen widerlegt. Aufbauend aus diesen 

Erfahrungen wurde in Originalarbeit 3 der Einsatz der [89Zr]Zr-PSMA-617-PET/CT bei 

Patienten mit zuvor unklaren Befunden in der konventionellen PSMA-PET/CT systematisch in 

einem größeren Patientenkollektiv untersucht. Dieses umfasste insgesamt 20 unklare 

Läsionen bei 15 Patienten. Durch die [89Zr]Zr-PSMA-617-PET/CT konnten alle zuvor in der 

[68Ga]Ga-PSMA-11-PET/CT als unklar beurteilten Läsionen näher eingeordnet werden. Sechs 
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der insgesamt 20 Läsionen (30 %) wurden als tumorsuspekt eingestuft, während 14 Läsionen 

(70 %) als nicht-tumorsuspekt bzw. unspezifisch bewertet wurden. Zusätzlich konnten darüber 

hinaus bei 7 Patienten insgesamt 11 weitere tumorsuspekte Läsionen identifiziert werden, die 

in der erfolgten [68Ga]Ga-PSMA-11-PET/CT nicht abgrenzbar waren, was im Einklang mit den 

Beobachtungen aus Originalarbeit 1 und 2 steht. Die weiterführende Abklärung erwies sich als 

klinisch bedeutsam: zum einen konnten die tumorsuspekten Läsionen nun mit erhöhter 

diagnostischer Sicherheit einer Strahlentherapie zugeführt werden. Gleichzeitig konnte bei 

allen anderen Läsionen auf eine Bestrahlung verzichtet werden, was den Patienten eine 

unnötige Strahlenexposition und potenzielle Nebenwirkungen ersparte. Biochemische PSA-

Verläufe nach Therapie verifizierten die Befundbeurteilung der [89Zr]Zr-PSMA-617-PET/CT. 

Beide Gruppen zeigten ein deutlich unterschiedliches Muster der Tracerkinetik in den 

Läsionen. In den als tumorsuspekt eingestuften Läsionen ließ sich in Übereinstimmung mit 

den Ergebnissen aus Originalarbeit 1 und 2 ein Anstieg der Traceraufnahme in den ersten 

24 Stunden beobachten, gefolgt von einem stabilen Verlauf. Im Gegensatz dazu zeigte sich in 

den als nicht tumorsuspekt bewerteten Läsionen ein kontinuierlicher Rückgang der 

Traceraufnahme über den gesamten Beobachtungszeitraum. Entsprechend zeigten 

Tumorläsionen eine zeitliche Zunahme des Kontrasts zum physiologischen Gewebe, während 

dieser bei unspezifischen Läsionen unverändert blieb oder abnahm. Die unterschiedlichen 

kinetischen Verläufe lassen sich durch die Internalisierung des Tracer-PSMA-Komplexes in 

Prostatakarzinom-Läsionen im Gegensatz zur fehlenden Internalisierung und damit 

verbundenen konsekutiven Auswaschung bei unspezifischen Befunden erklären. Zum einen 

untermauern die Ergebnisse die Annahme einer korrekten Klassifikation der Läsionen in der 

[89Zr]Zr-PSMA-617-PET/CT, zum anderen legen sie nahe, dass die Quantifizierung 

spezifischer PET-Parameter die Differenzierung zwischen Tumorläsionen und unspezifischen 

Veränderungen wesentlich unterstützen kann.  

Bezüglich des optimalen Akquisitionszeitpunktes der [89Zr]Zr-PSMA-617-PET/CT lässt sich 

auf Grundlage der Tracerkinetik sowie Erfahrungen aus den Originalarbeiten 1 – 3 folgendes 

ableiten: Aufgrund des stabilen Traceruptakes ab ca. 24 Stunden nach Injektion und des 

zeitlich zunehmenden Tumor-zu-Hintergrund-Verhältnisses scheinen spätere Aufnahmen, 

beispielsweise nach 48 oder 72 Stunden, einen diagnostischen Vorteil zu bieten. Dies wird 

auch dadurch gestützt, dass einige Läsionen ausschließlich in den spätzeitigen Aufnahmen 

(frühstens 48 Stunden nach Injektion) detektiert werden konnten. 

Die [89Zr]Zr-PSMA-617-PET/CT erweist sich zusammenfassend als eine vielversprechende, 

sichere, komplementäre Bildgebungsoption mit akzeptabler Strahlenexposition für Patienten 

mit BCR eines Prostatakarzinoms. Sie ermöglicht zum einen die Detektion von Tumorläsionen, 

die in der konventionellen PSMA-PET/CT nicht abgrenzbar sind, und zum anderen die weitere 
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Abklärung sowie präzise Einordnung zuvor unklarer Befunde. Die Ergebnisse der 

Originalarbeiten 1 – 3 liefern damit eine wissenschaftliche Grundlage und eine klare Rationale 

für zukünftige, idealerweise prospektive Studien mit größeren Patientenkohorten. 

Bestätigen zukünftige Studien die bisherigen Ergebnisse, sollte die [89Zr]Zr-PSMA-617-

PET/CT als wertvolle Ergänzung in die klinische Routine integriert werden. Darüber hinaus 

könnte sie insbesondere bei Patienten mit BCR eines Prostatakarzinoms und sehr niedrigen 

PSA-Werten, bei denen die konventionelle PSMA-PET/CT nur eine eingeschränkte 

Detektionsrate aufweist [14], als primäre Bildgebungsoption erwogen und Studien hierzu 

initiiert werden. Auch für das Primärstaging bei neu diagnostiziertem Prostatakarzinom sollte 

die Anwendung einer [89Zr]Zr-PSMA-617-PET/CT in zukünftigen Studien evaluiert werden. In 

einem nächsten Schritt sollten zudem prädiktive Marker, wie sie bereits für die konventionelle 

PSMA-PET/CT bekannt sind [16,61], auch für die [89Zr]Zr-PSMA-617-PET/CT identifiziert 

werden. Die bisherigen Untersuchungen wurden auf Grundlage konventioneller PSMA-

PET/CT-Bildgebung mit [68Ga]Ga-PSMA-11 durchgeführt. Es ist anzunehmen, dass sich 

ähnliche Resultate auch im Vergleich zu anderen etablierten Tracern wie [18F]DCFPyL oder 

[18F]PSMA-1007, erzielen lassen. Letzterer ist insbesondere für eine erhöhte Rate 

unspezifischer, falsch-positiver Knochenbefunde bekannt [33,68]. In diesem Kontext könnte 

die [89Zr]Zr-PSMA-617-PET/CT als komplementäre Untersuchung einen besonders hohen 

diagnostischen Mehrwert bieten. Trotz der vielversprechenden Ergebnisse gilt es, die 

Strahlenexposition von ca. 10 mSv zu berücksichtigen. Zukünftige Studien mit größeren 

Patientenkohorten sollten darauf abzielen, die optimale Aktivität und den idealen 

Bildgebungszeitpunkt zu definieren, um bei möglichst geringer Strahlenbelastung eine 

adäquate Bildqualität zu erzielen. Es gilt auch zu untersuchen, welche genauen Auswirkungen 

eine zusätzliche [89Zr]Zr-PSMA-617-PET/CT auf das klinische Management, insbesondere auf 

die Bestrahlungsplanung hat und wie sich dadurch das Outcome der Patienten ändert. Die 

[89Zr]Zr-PSMA-617-PET/CT könnte zukünftig auch im fortgeschrittenen Stadium des 

Prostatakarzinoms eine entscheidende Rolle spielen, indem sie durch prätherapeutische 

Dosimetrie eine individuelle Bestimmung der Aktivität für eine personalisierte 

Radioligandentherapie mit [177Lu]Lu-PSMA-617 ermöglichen könnte. Das Konzept der 

Langzeit-PET-Bildgebung mit 89Zr sollte auch auf andere Tracer und Anwendungsgebiete 

übertragen und geprüft werden, um die Diagnostik und Therapieplanung bei verschiedenen 

Erkrankungen weiter zu optimieren.   
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VI. Abkürzungsverzeichnis 
 

 
 
BCR   Biochemisches Rezidiv  
 
CT   Computertomographie  
 
MDT   metastasis-directed therapy  
 
MIP   Maximumintensitätsprojektion  
 
MRT   Magnetresonanztomographie 
 
PET   Positronenemissionstomographie 
 
p.i.   nach Injektion 
 
PSA   Prostataspezifisches Antigen 
 
PSMA   Prostataspezifisches Membranantigen 
 
SUV   standardized uptake value   
 
TBR   Tumor-zu-Hintergrund-Verhältnis  
 
TIAC   time-integrated activity coefficient 
 
TiBR   Gewebe-zu-Hintergrund-Verhältnis  
 
TLR   Tumor-zu-Leber-Verhältnis 
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Abstract
Purpose Prostate-specific membrane antigen (PSMA)-targeted PET/CT has become increasingly important in the 
management of prostate cancer, especially in localization of biochemical recurrence (BCR). PSMA-targeted PET/CT imaging 
with long-lived radionuclides as 89Zr  (T1/2 = 78.4 h) may improve diagnostics by allowing data acquisition on later time 
points. In this study, we present our first clinical experience including preliminary biodistribution and dosimetry data of 
 [89Zr]Zr-PSMA-617 PET/CT in patients with BCR of prostate cancer.
Methods Seven patients with BCR of prostate cancer who revealed no (n = 4) or undetermined (n = 3) findings on   
[68Ga]Ga-PSMA-11 PET/CT imaging were referred to  [89Zr]Zr-PSMA-617 PET/CT. PET/CT imaging was performed 1 h, 
24 h, 48 h, and 72 h post injection (p.i.) of 111 ± 11 MBq  [89Zr]Zr-PSMA-617 (mean ± standard deviation). Normal organ distri-
bution and dosimetry were determined. Lesions visually considered as suggestive of prostate cancer were quantitatively analyzed.
Results Intense physiological uptake was observed in the salivary and lacrimal glands, liver, spleen, kidneys, intestine 
and urinary tract. The parotid gland received the highest absorbed dose (0.601 ± 0.185 mGy/MBq), followed by the kid-
neys (0.517 ± 0.125 mGy/MBq). The estimated overall effective dose for the administration of 111 MBq was 10.1 mSv 
(0.0913 ± 0.0118 mSv/MBq). In 6 patients, and in particular in 3 of 4 patients with negative  [68Ga]Ga-PSMA-11 PET/CT, 
at least one prostate cancer lesion was detected in  [89Zr]Zr-PSMA-617 PET/CT imaging at later time points. The majority 
of tumor lesions were first visible at 24 h p.i. with continuously increasing tumor-to-background ratio over time. All tumor 
lesions were detectable at 48 h and 72 h p.i.
Conclusion [89Zr]Zr-PSMA-617 PET/CT imaging is a promising new diagnostic tool with acceptable radiation exposure for 
patients with prostate cancer especially when  [68Ga]Ga-PSMA-11 PET/CT imaging fails detecting recurrent disease. The long 
half-life of 89Zr enables late time point imaging (up to 72 h in our study) with increased tracer uptake in tumor lesions and 
higher tumor-to-background ratios allowing identification of lesions non-visible on  [68Ga]Ga-PSMA-11 PET/CT imaging.

Keywords Prostate cancer · PSMA · PET/CT · Zirconium-89 · Biochemical recurrence

Introduction

Over the past decade, prostate-specific membrane antigen 
(PSMA)-targeted positron emission tomography (PET)/
computed tomography (CT) has revolutionized imaging of 
patients with prostate cancer [1]. PSMA is a transmembrane 
glycoprotein, which is overexpressed on the cell surface of 
prostate carcinoma cells [2], providing an ideal and specific 
target for imaging and therapy [3, 4]. PSMA-targeted PET/
CT has become increasingly important in the management of 
prostate cancer for initial staging, localization of biochemical 
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recurrence, and screening or monitoring of PSMA-tar-
geted radioligand therapy [5–8]. In recent years, various  
PSMA-ligands have been developed, of which 68Ga-labeled 
PSMA-11 and 18F-labeled DCFPyL or PSMA-1007 have 
become widely used for PET/CT imaging in clinical practice, 
and 177Lu-labeled PSMA-617 for radioligand therapy [9, 10].

[68Ga]Ga-PSMA-11 has shown a high sensitivity for tumor 
localization in the setting of biochemical recurrence (BCR) 
of prostate cancer in various recent prospective studies; how-
ever, there remains a non-negligible number of patients with 
BCR and negative  [68Ga]Ga-PSMA-11 PET/CT, particularly 
in patients with low PSA levels [11–14]. Due to its short half-
life of 68 min, 68Ga does not allow late image acquisition 
(e.g., on the next day after injection); therefore, imaging is 
usually performed 1 h after injection [15]. Similar applies 
to 18F-labeled PSMA-ligands with 18F offering a moderately 
longer half-life of 110 min. However,  [18F]F-PSMA-1007 
offers a possible advantage for the detection of local recur-
rences due to a lower urinary excretion [16]. But also for 
 [18F]F-PSMA-1007, a certain number of patients with BCR 
and negative PSMA PET/CT have been observed [17].

PET/CT imaging with PSMA ligands labeled with long-
lived radionuclides may increase sensitivity of PSMA  
PET/CT by allowing longer clearance from non-target organs 
and therefore resulting in increased target-to-background ratios. 
In addition, late acquisitions could also increase specificity by 
confirming or negating undetermined findings by observing 
uptake over time. In this context, the use of 89Zr may be of 
interest [18]. 89Zr is a positron emitter (branching fraction 23%) 
with a half-life of  T1/2 = 78.4 h and a mean positron energy of 
0.395 MeV, which is frequently used for antibody imaging 
[19–21]. Due to chemical reasons, 89Zr cannot be complexed by  
PSMA-11, but binds to the commonly used bifunctional chela-
tors DOTA and DOTAGA, thus allowing the radiolabeling of  
PSMA-617 and PSMA I&T [22, 23]. Recently, we described 
the preclinical characterization of  [89Zr]Zr-PSMA-617 and   
[89Zr]Zr-PSMA I&T including biodistribution studies in tumor 
bearing mice [23]. Here, we present our first clinical experi-
ence including biodistribution and preliminary dosimetry esti-
mates of  [89Zr]Zr-PSMA-617 PET/CT in patients with BCR 
of prostate cancer.

Methods

Patients and ethics

[89Zr]Zr-PSMA-617 PET/CT imaging was performed in 
n = 7 consecutive patients due to BCR of prostate cancer who 
revealed no or undetermined findings on  [68Ga]Ga-PSMA-11 
PET/CT. In 4 patients,  [68Ga]Ga-PSMA-11 did not 
reveal suspicious findings (negative  [68Ga]Ga-PSMA-11  
PET/CT). Three patients had undetermined findings on  

[68Ga]Ga-PSMA-11 PET/CT with no definite assignment to 
pathological or physiological uptake, e.g., faintly accumu-
lating or unusually located tracer uptake. The time interval 
between both,  [89Zr]Zr-PSMA-617 and  [68Ga]Ga-PSMA-11 
PET/CT, was 31 ± 18  days (range 5–49  days), with no 
treatment performed in between. Prostate-specific antigen 
(PSA) serum level at time of imaging ranged from 0.43 to 
1.92 ng/ml. All patients were initially treated with radical 
prostatectomy (RP). Initial Gleason score ranged from 7a 
to 9. Four patients underwent salvage treatments such as 
androgen-deprivation therapy (ADT), lymphadenectomy 
(LA) or radiation therapy (RT). Detailed patient character-
istics including age, Gleason score, primary therapy, salvage 
therapies, time from initial diagnosis (ID) of prostate cancer, 
PSA and PSA doubling time (DT) are presented in Table 1. 
 [89Zr]Zr-PSMA-617 PET/CT imaging was performed on a 
compassionate use basis under the German Pharmaceutical 
Act §13 (2b). The medical indication for the examination 
and the labeling of the tracer were under the direct respon-
sibility of the applying physician. Patients gave their written 
consent after being thoroughly informed about the general 
risks of both radiation exposure and application of a novel 
PET tracer including possible adverse effects of, e.g., thera-
peutic PSMA tracers. Furthermore, all patients agreed to 
the publication of the resulting data in accordance with the 
Declaration of Helsinki.

Synthesis and quality control

The radiolabeling of PSMA-617 with 89Zr was based on 
our previously published procedure with further optimiza-
tions [23]. Briefly,  [89Zr]Zr-oxalate (PerkinElmer, Gron-
ingen, The Netherlands) was transformed into  [89Zr]ZrCl4 
using a QMA cartridge (Waters, Milford, USA), which 
was activated by each 10 mL of acetonitrile, saline, 1 M 
hydrochloric acid, and deionized water.  [89Zr]Zr-oxalate 
was then loaded onto the cartridge followed by a washing 
step with 60 mL of deionized water. The activity was recov-
ered from the QMA cartridge by fractionated elution with 
two fractions of 700 µL and 800 µL of 0.1 M hydrochloric 
acid. The latter fraction contained ~ 95% of the initial activ-
ity and was used for radiolabeling. To this fraction, 1.5 µg 
(1.44 nmol) of PSMA-617 per MBq  [89Zr]ZrCl4 in 50 µL 
water were added followed by the addition of 800 µL MES 
buffer (0.5 M, pH 5.5). The reaction mixture was then heated 
at 95 °C for 30 min. After cooling to room temperature, the 
mixture was loaded onto a  C18 Sep Pak cartridge (Waters, 
Milford, USA), which was pre-equilibrated with each 10 mL 
of ethanol and water for injection. The cartridge was washed 
with 5 mL of water for injection and the activity eluted with 
2 mL 50% ethanol (v/v) and 8 mL of saline. The product 
was finally passed through a 0.22-µm filter for sterilization. 
This procedure is reliable for up to 800 MBq of initial 89Zr 
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activity providing the final product  [89Zr]Zr-PSMA-617 in 
radiochemical yields of 70 ± 5% and radiochemical purities 
of > 98%. Quality control of the final product was performed 
according to current Good Manufacturing Practice (cGMP) 
guidelines checking for pH, clarity and color, radiochemical 
purity (HPLC and iTLC), chemical purity (HPLC), radionu-
clidic purity, endotoxin content, and sterility.

PET/CT imaging

Each patient underwent PET/CT imaging scans at 4 time 
points: 1 h, 24 h, 48 h, and 72 h post intravenous injection 
(p.i.) of 111 ± 11 MBq (mean ± standard deviation, range 
97–129 MBq)  [89Zr]Zr-PSMA-617. All PET/CT imaging 
was performed on a Biograph mCT 40 scanner (Siemens 
Medical Solutions, Knoxville, TN, USA) comprising whole-
body PET/CT scans extending from vertex to mid-femur in 
3D mode. PET acquisition time duration was 4 min per bed 
position on the initial day of injection and extended up to 
10 min on the last day. CT data were acquired in low-dose 
technique using an X-ray tube voltage of 120 keV and a 
modulation of the tube current (CARE Dose4D, Siemens 
Erlangen; maximal tube current 30 mA) followed by recon-
struction with a soft tissue reconstruction kernel (B31f) to 
a slice thickness of 5 mm (increment 2–4 mm). PET emis-
sion data was corrected for decay, randoms, and scatter. PET 
image reconstruction was performed applying an iterative 
3-dimensional ordered-subset expectation maximization 
(OSEM) algorithm (3 iterations; 24 subsets) with gaussian 
filtering to a transaxial resolution of 5 mm at full width half 
maximum (FWHM). The matrix and the pixel size were 
200 × 200 and 3.0 mm, respectively. Attenuation correction 
was performed using the low-dose CT data.

Adverse events

Any adverse event was recorded during and after examina-
tion. Vital parameters as heart rate, blood pressure, body 
temperature, and oxygen saturation were closely monitored. 
Within a time interval of 4 weeks after  [89Zr]Zr-PSMA-617 
PET/CT, patients were additionally interviewed about poten-
tial side effects.

Biodistribution and tumor uptake

The biodistribution of  [89Zr]Zr-PSMA-617 was quantified 
by analyzing the standard uptake values (SUV)  SUVmax, 
 SUVpeak and  SUVmean at 1 h, 24 h, 48 h, and 72 h p.i.. Con-
sidering normal-organs, elliptical volumes of interest (VOI) 
were manually drawn enclosing regions of relatively homog-
enous uptake. Activity estimation was performed within 
the VOI applying a 40% or, in case of faintly accumulat-
ing organs, a 20% threshold using the SyngoVia software Ta
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(Enterprise VB 60, Siemens, Erlangen, Germany). The fol-
lowing organs were included in this evaluation: the brain, 
salivary, and lacrimal glands, nasal mucosa, lung, liver, 
spleen, small and large intestine, and the kidneys. With 
regard to the large intestine, SUV was determined at the 
descending colon. Blood pool and background were evalu-
ated in the descending aorta and the gluteal muscle, respec-
tively. Tissue-to-background ratios (TiBR) were calculated 
by dividing the  SUVmax of the organs by the  SUVmean of the 
background (gluteal muscle).

Three physicians with long-time experience in PSMA-
targeted PET/CT (S.E., F.K., and F.R.) visually identified 
suspicious lesions taking into account all four imaging time 
points (1 h, 24 h, 48 h, and 72 h p.i.). Lesions that were 
visually considered as suggestive for prostate cancer were 
analyzed by measuring  SUVmax and by calculating tumor-
to-background ratios (TBR), defined as  SUVmax divided by 
 SUVmean, of the background (gluteal muscle).

Radiation dosimetry

Mean absorbed radiation doses were estimated using the 
QDOSE program package (ABX-CRO, Dresden, Germany) 
considering the following organs as source organs: kidneys, 
liver, spleen, salivary glands (parotid gland and subman-
dibular gland), and lacrimal gland. As a first step, volumetric 
co-registration of the different time points was performed 
by taking the first CT scan as reference. PET images, which 
were coupled to the CT images of the respective imaging 
session, were transformed according to the CT transfor-
mation matrix. Boundary VOIs which solely enclosed the 
source organs without interfering with the activity concen-
tration of neighboring structures were manually drawn in the 
PET image that allowed the best organ delineation and then 
copied onto all other time-point scans. Manual adjustment 
of the boundary VOI for each time point was done when 
necessary, using the respective CT. Volume and activity 
estimation were performed within the boundary applying 
a fuzzy locally adaptive Bayesian (FLAB) segmentation 
algorithm for automatic volume delineation [24]. The next 
step comprised mono-exponential regression of the serial 
measured activities using weighted least squares method and 
estimation of both, the time integrated activities (TIA) and 
the time-integrated activity coefficients (TIAC) in the source 
regions. As an approximation, a linear increase from t = 0 to 
the first acquisition time point was assumed, and the inte-
gration method for the first time interval was based on the 
trapezoidal method. Between the first and the last time point, 
a trapezoidal integration was used, whereas the TIA from 
the last time-point to infinity was calculated analytically by 
applying the mono-exponential fitting curve. The respective 
TIACs (often termed residence time) of the source organs 
were calculated by normalizing the TIA to the amount of 

activity administered. The total body TIA was calculated 
approximately using the total FOV volume of interest and 
the injected activity. As a further approximation, constant 
activity between t = 0 and the first acquisition time point 
was assumed, and the integration method for the first-time 
interval was based on the trapezoidal method. Between the 
first time point and infinity, the TIA was calculated analyti-
cally by using the mono-exponential fitting curve. Estima-
tions of absorbed organ dose and effective dose were per-
formed by the IDAC 2.1 software which is implemented in 
QDOSE [25–27]. The IDAC reference man was applied for 
the kidneys, the spleen, the liver, the heart and the intestine, 
and the sphere model for the salivary and lacrimal glands. 
Patient-specific organ mass adjustment, which is available 
in QDOSE, was applied for the kidneys, the liver and the 
spleen. Respective organ masses were determined using 
the volume of each organ delineated from the CT images 
(PACS software, SECTRA, Linköping, Sweden) and the 
respective biological tissue density. Organ masses for the 
salivary glands were taken from International Commission 
on Radiological Protection (ICRP) publication 89 with 25 g 
estimated weight for the parotid and 12.5 g for the subman-
dibular gland [28].

Results

Adverse events

The examination with  [89Zr]Zr-PSMA-617 was not associ-
ated with any side effects in all 7 patients. No acute adverse 
events or other drug-related pharmacologic effects occurred. 
Monitored vital parameters remained unchanged. No patient 
complained of any subjective symptoms during examination 
and follow-up.

Biodistribution

Intense physiological uptake was observed in the salivary 
and lacrimal glands, liver, spleen, kidneys, intestine, and uri-
nary tract. Figure 1 demonstrates a representative example of 
 [89Zr]Zr-PSMA-617 PET/CT at the predefined time points 
1 h, 24 h, 48 h, and 72 h p.i., including the respective biodis-
tribution data of selected organs assessed by SUV kinetics.

Detailed descriptive statistics of tracer distribution of all 
patients, including  SUVmax,  SUVpeak,  SUVmean and TiBR 
(tissue-to-background-ratio) of various organs, are pre-
sented in Fig. 2. The highest average  SUVmax at 1 h p.i. was 
observed for the kidneys with 21.15 ± 12.31, consequently 
decreasing to 7.43 ± 1.56 at 72 h p.i.. For salivary glands and 
lacrimal glands, the maximum  SUVmax was at 24 h p.i., with 
the highest value for submandibular gland (17.30 ± 4.69 at 
24 h p.i., decreasing to 6.29 ± 1.61 at 72 h p.i.). Only colonic 

4739European Journal of Nuclear Medicine and Molecular Imaging  (2022) 49:4736–4747

1 3



tracer uptake increased continuously (from 3.50 ± 2.21 at 1 h 
p.i. to 13.57 ± 5.00 at 72 h p.i.). TiBR increased between 1 
and 72 h p.i. for the salivary glands, nasal mucosa, liver, 
colon, and kidneys. The highest TiBR values (≥ 50) were 
observed in salivary glands, kidneys, and colon at 72 h p.i.

Radiation dosimetry

The monoexponential curve-fitting parameters, the time-
integrated activity coefficients (TIAC) for each source organ, 
and the respective estimated absorbed doses according to 
IDAC 2.1 are summarized in Table 2. Among the normal 
tissues, the parotid gland received the highest absorbed 
dose of  [89Zr]Zr-PSMA-617 with 0.601 ± 0.185 mGy/MBq 
followed by the kidneys with 0.517 ± 0.125  mGy/MBq 
and the submandibular gland with 0.468 ± 0.136  mGy/
MBq. These values resulted in an average effective dose 
of 0.0913 ± 0.0118  mSv/MBq. Thus, administration of 

111 MBq of  [89Zr]Zr-PSMA-617 (mean injected activity) 
induced a total effective dose of 10.1 mSv.

Clinical findings and tumor uptake

Among 7 patients with either negative (4 patients) or with 
undetermined findings on  [68Ga]Ga-PSMA-11 PET/CT 
(3 patients), at least one lesion (range 1–5 per patient, in 
total n = 14) that was suggestive for prostate cancer was 
detected in 6 patients with  [89Zr]Zr-PSMA-617 (Table 1). 
Out of all identified lesions (n = 14), 10 were lymph node 
metastases (in 4 patients), 3 were local recurrence (in 3 
patients), and 1 was peritoneal metastasis. The majority of 
tumor lesions (n = 11) were not visible on PET/CT imag-
ing at 1 h p.i., but were delineated at later time points (9 
of them first visible at 24 h p.i., and 2 at 48 h p.i.). All 
tumor lesions were detectable at 48 h p.i. and 72 h p.i.. 
No additional tumor lesions were found at 72 h p.i.. Three 
tumor lesions (in 3 patients), which were identified at 1 h 
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p.i., were also visible in  [68Ga]Ga-PSMA-11 PET/CT. An 
exemplary tumor lesion and its uptake over time is shown 
in Fig. 3. A graphical representation of the  SUVmax and 
TBR values of all lesions in all patients is provided in 
Fig. 4. In those lesions, which could be identified from 
early imaging (1 h p.i),  SUVmax further increased sub-
stantially from 1 to 24 h p.i.. In late imaging (≥ 24 h p.i.), 
 SUVmax plateaued in all lesions and TBR increased con-
tinuously over time.

In 3 of 4 (75%) patients with previously negative   
[68Ga]Ga-PSMA-11 PET/CT, lesions that were visually 
considered as suggestive for prostate cancer were identified 
using  [89Zr]Zr-PSMA-617. Two patients were found to have 
focal uptake in the prostate bed and one of these two and 
another patient revealed uptake in lymph nodes suggesting 
local recurrence and lymph node metastases, respectively 
(Table 1). Figure 5 exemplifies a local recurrence and a lymph 
node metastasis visible on  [89Zr]Zr-PSMA-617 PET/CT at 
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Fig. 2  Biodistribution of  [89Zr]Zr-PSMA-617 with descriptive statistics (mean ± standard deviation) of A  SUVmax, B  SUVpeak, and C  SUVmean 
and D tissue-to-background ratio (TiBR) in normal organs at 1 h, 24 h, 48 h, and 72 h p.i.

Table 2  Monoexponential 
curve-fitting parameters, time-
integrated activity coefficients 
(TIAC), and mean absorbed dose 
estimate for  [89Zr]Zr-PSMA-617 
in selected organs. Results 
are presented as mean 
values ± standard deviation

A, activity; l, rate constant; TIAC, time-integrated activity coefficient

Organ A (% injected  A0) l  (h−1) TIAC  (h−1) Absorbed dose 
(mGy/MBq)

Kidneys 3.75 ± 1.24 0.022 ± 0.002 1.74 ± 0.44 0.517 ± 0.125
Liver 6.62 ± 1.39 0.049 ± 0.014 1.54 ± 0.49 0.158 ± 0.051
Spleen 1.25 ± 0.70 0.079 ± 0.034 0.21 ± 0.12 0.175 ± 0.068
Parotid gland 0.70 ± 0.20 0.031 ± 0.005 0.31 ± 0.10 0.601 ± 0.185
Submand. gland 0.27 ± 0.09 0.029 ± 0.004 0.13 ± 0.04 0.468 ± 0.185
Lacrimal gland 0.02 ± 0.01 0.030 ± 0.006 0.10 ± 0.004 0.156 ± 0.070

4741European Journal of Nuclear Medicine and Molecular Imaging  (2022) 49:4736–4747

1 3



48 h p.i., which could not be identified by  [68Ga]Ga-PSMA-11 
PET/CT. In 2 of 3 patients with undetermined findings in 
 [68Ga]Ga-PSMA-11 PET/CT, the respective findings were 
confirmed by  [89Zr]Zr-PSMA-617 PET/CT, whereas in 1 of 
3 patients, no corresponding uptake was identified (Fig. 6). 
Furthermore, in 2 of these 3 patients, additional lesions were 
detected in  [89Zr]Zr-PSMA-617 PET/CT, which were uniden-
tified by  [68Ga]Ga-PSMA-11 PET/CT (Table 1).

Subsequently, five patients received radiotherapy adjusted 
according to the results of  [89Zr]Zr-PSMA-617-PET/CT and 
in the other two patients, ADT was initiated. There were 
minor (e.g., additional boost) and also major adjustments on 
radiation treatment planning (e.g., extension of the radiation 
field) by the findings on  [89Zr]Zr-PSMA-617-PET/CT. In all 
5 patients who received radiation therapy, a PSA decrease 
was achieved, in 4 patients by more than 70% and in 1 patient 
of 30%.

Discussion

This is a pilot study presenting first clinical experience 
of  [89Zr]Zr-PSMA-617 PET/CT including biodistribution, 
radiation dosimetry estimates, and analysis of tumor lesion 
imaging in patients with BCR of prostate cancer.

Comparing the biodistribution of  [89Zr]Zr-PSMA-617 
with that of  [68Ga]Ga-PSMA-617 and  [68Ga]Ga-PSMA-11, 
a similar distribution pattern was observed at 1  h p.i. 
with intense uptake of radiolabeled PSMA ligands in the 
salivary glands, lacrimal glands, kidneys, liver, spleen, 
and small intestine [29, 30]. In contrast to established  
68Ga-labeled PSMA tracers, the relatively long half-life 
of 89Zr with  T1/2 = 78.4 h allowed additional imaging at 
later time points (up to 72 h in our study). While radi-
otracer uptake in kidneys, liver, and spleen was continu-
ously decreasing over time, it was highest in the salivary 

SUV 8

0

1 h p.i. 24 h p.i. 48 h p.i. 72 h p.i.

A B C D

Fig. 3  Maximum intensity projections (MIP) and transversal PET/CT 
slices of patient no. 6 (PSA 0.43 ng/ml) at 1 h (A), 24 h (B), 48 h 
(C), and 72  h (D) post injection (p.i.) of  [89Zr]Zr-PSMA-617. Red 
arrows point to a suspicious focal uptake in the left seminal vesicle 

bed showing increased tracer uptake at 24 h p.i., 48 h p.i., and 72 h 
p.i. compared to 1  h p.i., therefore considered as local recurrence. 
 SUVmax at 1 h / 24 h / 48 h and 72 h p.i.: 7.04 / 21.27 / 21.09 / 19.19
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glands, lacrimal glands, and small intestine at 24 h p.i. and 
decreased thereafter. In addition, all of our patients showed 
increasing  [89Zr]Zr-PSMA-617 radiotracer uptake in the 
colon over time. We suggest that tracer excretion is not 
only through the urinary system, but more significantly at 
later time points, also by the intestinal system with intense 
tracer accumulation in the colon. Comparable observations 
have also been reported in  [177Lu]Lu-PSMA-617 scintig-
raphy for dosimetry measurements [31, 32]. In contrast 
to the normal organ uptake, radiotracer accumulation in 
tumor lesions increased until 24 h p.i. and then remained 
essentially stable up to 72 h p.i., which may be explained 
by the internalization process of the radioligand/PSMA 
complex and subsequent radiotracer trapping. Together 
with the continuing clearance from non-target tissues, this 
obviously leads to significantly higher TBR values, which 
may result in an improved detection of tumor lesions (vide 
infra).

The  es t ima ted  overa l l  e f fec t ive  dose  o f  
[89Zr]Zr-PSMA-617 PET for the administration of 111 MBq 
was 10.1 mSv (0.0913 ± 0.0118 mSv/MBq) and therefore 
about 2–3 times higher than PET with  [68Ga]Ga-PSMA-617 

or  [68Ga]Ga-PSMA-11 with a respective diagnostic activ-
ity of 200 MBq [29, 30]. The parotid glands and kidneys 
were the organs receiving the highest absorbed doses ana-
logue to  [68Ga]Ga-PSMA-617 and  [68Ga]Ga-PSMA-11, 
but about 3–4 times higher in absolute numbers. These 
results could be expected and were attributed to the longer 
half-life of 89Zr compared to 68Ga. However, our radiation 
dose estimates are lower than the reported absorbed doses 
of  [89Zr]Zr-PSMA-DFO, another most recently introduced 
89Zr-labeled PSMA ligand (effective dose 0.15 ± 0.04 mSv/
MBq) [33]. Not surprisingly, the radiation exposure of  
[89Zr]Zr-PSMA-617 PET/CT did not induce any of the side 
effects which have been reported for targeted radiotherapy 
of metastatic prostate cancer with PSMA-ligands, e.g., 
dry mouth and mucositis. Also, no other side effects were 
observed. From our pilot experience,  [89Zr]Zr-PSMA-617 
PET/CT can be considered safe.

The most important clinical finding was that in 3 of 4 patients 
(75%) with negative  [68Ga]Ga-PSMA-11 PET/CT, prostate can-
cer lesions (local recurrence or lymph node metastases) were 
identified by  [89Zr]Zr-PSMA-617 PET/CT. Furthermore, in 3 
patients with undetermined findings on  [68Ga]Ga-PSMA-11 

Fig. 4  SUVmax (A) and tumor-
to-background ratio (TBR) (B) 
of all tumor lesions at 1 h, 24 h, 
48 h, and 72 h post injection 
(p.i.) of  [89Zr]Zr-PSMA-617. 
LR, local recurrence; LNM, 
lymph node metastasis; PM, 
peritoneal metastasis
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PET/CT,  [89Zr]Zr-PSMA-617 PET/CT was able to clarify the 
results and in 2 of these patients to identify additional tumor 
lesions. Despite the high diagnostic performance of PET/CT 

with 68Ga-labeled PSMA radiotracers in patients with BCR of 
prostate cancer, a considerable proportion of negative findings 
has also been reported, particularly in patients with low PSA 

Fig. 5  Transversal slices of 
 [89Zr]Zr-PSMA-617 (right) and 
 [68Ga]Ga-PSMA-11 (left)  
PET/CT of 2 patients (patient 
no. 1 and 7) with PSMA-posi-
tive lesions detected by   
[89Zr]Zr-PSMA-617 but uniden-
tified by  [68Ga]Ga-PSMA-11. 
Red arrows point to suspected 
focal uptake. Patient no. 1 
(PSA 1.92 ng/ml) with focal 
uptake  (SUVmax 3.68) in the 
prostate bed considered as local 
recurrence. Patient no. 7 (PSA 
0.68 ng/ml) with focal uptake 
 (SUVmax 8.06) in a pelvic 
lymph node considered as 
lymph node metastasis

[68Ga]Ga-PSMA-11
1 h p.i.

[89Zr]Zr-PSMA-617
48 h p.i.

SUV 50

Pt.
No. 1

Pt.
No. 7

Fig. 6  Transversal slices of 
 [89Zr]Zr-PSMA-617 (right) 
and  [68Ga]Ga-PSMA-11 (left) 
PET/CT of 2 patients (patient 
no. 2 and 4) with undetermined 
PSMA-positive findings on 
 [68Ga]Ga-PSMA-11 PET/CT 
clarified by  [89Zr]Zr-PSMA-617 
PET/CT. Green arrows point to 
pelvic tracer uptake  (SUVmax 
4.47) on  [68Ga]Ga-PSMA-11 
PET/CT 1 h p.i. with no cor-
responding uptake on   
[89Zr]Zr-PSMA-617 PET/CT, 
considered as unspecific uptake. 
Red arrows point to faint tracer 
uptake  (SUVmax 2.06) in a 
peritoneal lesion on   
[68Ga]Ga-PSMA-11 PET/CT 
1 h p.i. with corresponding 
uptake  (SUVmax 2.87) on  
 [89Zr]Zr-PSMA-617 PET/CT 
48 h p.i. considered as perito-
neal metastasis
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48 h p.i.

SUV 50

Pt.
No. 2

Pt.
No. 4

4744 European Journal of Nuclear Medicine and Molecular Imaging  (2022) 49:4736–4747

1 3



levels [11–14]. Here,  [89Zr]Zr-PSMA-617 PET/CT seems to be 
a useful complementary examination. The increased radiotracer 
uptake in tumor lesions at late imaging time points together 
with decreasing activity in the blood pool, in normal tissues, 
e.g., the urinary tract and particularly in the bladder, allowed 
the detection of lesions that were not visible at early imag-
ing time points. Our observations are in accordance with the 
study of Dietlein et al. who reported detection of prostate can-
cer lesions by  [89Zr]Zr-PSMA-DFO PET/CT (at 2–3 days p.i.) 
in 8/14 (57%) patients with initially negative PSMA-targeted 
PET/CT  ([68Ga]Ga-PSMA-11 or  [18F]-JK-PSMA-7) [33]. The 
more precise localization of tumor lesions in patients with BCR 
by 89Zr-labeled PSMA PET/CT is likely to have consequences 
for therapy management, e.g., in our cohort of patients, radio-
therapy treatment was adjusted for all 5 patients who received 
subsequent salvage radiotherapy (either minor adjustments as, 
e.g., additional boost or major adjustments as e.g. extension 
of radiation field). In this respect, PET/CT with 89Zr-labeled 
PSMA tracers may contribute to an improved and individualized 
therapy concept for patients with BCR.

Whether  [18F]F-PSMA-1007 PET/CT would have 
detected or clarified the lesions of our cohort due to hepato-
biliary excretion with almost complete absence of activity 
in the bladder and the moderately longer half-life compared 
to 68Ga remains speculative and requires future studies. 
Late PET/CT imaging with 18F-labeled PSMA tracers was 
reported and shown to result in increased tumor-to-back-
ground ratios at 3 h after tracer injection when compared to 
image acquisition 1 h p.i. [16]. However, due to the half-life 
of 18F of 110 min, respective PET/CT imaging is restricted 
to the day of tracer injection.

From our preliminary experience, imaging at 48 h p.i. seems 
to be the optimal time point for  [89Zr]Zr-PSMA-617 PET/CT 
acquisition in patients with BCR. At 1 h and 24 h p.i., not all 
lesions could be detected, whereas at 48 h p.i. and 72 h p.i., 
all lesions were well delineated with comparable radiotracer 
uptake. In addition, compared to 72 h p.i. imaging, there was 
substantially less uptake of the radiotracer in the sigmoid colon 
and rectum at 48 h p.i., therefore allowing better identification 
of small regional lymph nodes. Furthermore, imaging at 48 h 
p.i. compared to 72 h p.i. is less exhausting for the patient due to 
shorter acquisition time. However, the most appropriate imag-
ing time point needs further evaluation in larger patient cohorts.

Despite these promising results of  [89Zr]Zr-PSMA-617 
PET/CT in the detection of lesions and the potential advan-
tage over established  [68Ga]Ga-PSMA-11 PET/CT imaging, 
the increased radiation exposure of about 10 mSv overall 
effective dose should be considered and further studies are 
recommended in larger patient cohorts to identify the opti-
mal administered activity to further minimize the radiation 
dose while still obtaining high-quality PET images at later 
time points.  [89Zr]Zr-PSMA-617 PET/CT should thus be 
considered primarily when  [68Ga]Ga-PSMA-11 PET/CT 

do not provide a correlate for a BCR or undetermined find-
ings arise.

[89Zr]Zr-PSMA-617 PET/CT may have a paramount impact 
in the radioligand therapeutic field by enabling pre-therapeutic 
biokinetic studies. Due to the long half-life, a pre-therapeutic 
estimation of the resulting absorbed doses of PSMA-targeted 
radioligand therapy with  [177Lu]Lu-PSMA-617 might be pos-
sible by  [89Zr]Zr-PSMA-617 PET/CT since delayed imaging 
allows individual determination of the biological half-life of 
each tumor lesion and of the organs-at-risk. This may allow 
more personalized treatment regimens with administration of 
individually calculated activities and also prediction of toxic-
ity. Furthermore, its half-life allows the possibility of central-
ized production and shipment to more distant imaging sites, 
which do not have the possibility for in-house production of 
 [68Ga]Ga-PSMA-11. This study may serve as a rational start-
ing point for further studies, ideally in a prospective setting, to 
confirm and extend our findings.

The results reported herein should be considered in the 
light of some limitations. The data are based on a retrospec-
tive monocenter study with a limited number of patients. 
Imaging was performed only at 1 h, 24 h, 48 h, and 72 h 
p.i.. The lack of additional imaging, particularly between 
1 and 24 h p.i. and after 72 h, may affect dose estimates. In 
addition, excretion was not measured quantitatively. Fur-
thermore, imaging findings were only confirmed by clinical 
course and biochemical follow-up and not by histology. In 
addition, no standardized companion imaging with MRI was 
performed. Also, no follow-up  [89Zr]Zr-PSMA-617 PET/CT 
post-treatment is yet available.

Conclusion

[89Zr]Zr-PSMA-617 PET/CT imaging is a promising new diag-
nostic tool with acceptable radiation exposure for patients with 
prostate cancer especially when  [68Ga]Ga-PSMA-11 PET/CT 
imaging fails detecting recurrent disease. The long half-life of 
89Zr  (T1/2 = 78.4 h) enables late time point imaging (up to 72 h 
in our study) with increased tracer uptake in tumor lesions and 
higher tumor-to-background ratios allowing identification of 
lesions non-visible on  [68Ga]Ga-PSMA-11 PET/CT imaging. 
Further studies, ideally in a prospective setting with larger 
patient cohorts, are recommended to confirm this observation 
of paramount impact for management of biochemical recur-
rence in prostate cancer.

Abbreviations ADT: Androgen-deprivation therapy; BCR : Biochemi-
cal recurrence; cGMP: Current good manufacturing practice; CT: Com-
puted tomography; DT: Doubling time; FLAB: Fuzzy locally adaptive 
Bayesian; FWHM: Full width half maximum; ID : Initial diagnosis; 
LA: Lymphadenectomy; OSEM: Ordered-subset expectation maximi-
zation; PET: Positron emission tomography; PSA: Prostate-specific 
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Abstract
Rationale In patients with biochemical recurrence of prostate cancer (BCR), preliminary data suggest that prostate-specific 
membrane antigen (PSMA) ligand radiotracers labeled with zirconium-89 (89Zr; half-life ~ 78.41 h), which allow imag-
ing ≥ 24 h post-injection, detect suspicious lesions that are missed when using tracers incorporating short-lived radionuclides.
Materials and methods To confirm  [89Zr]Zr-PSMA-617 positron emission tomography/computed tomography (PET/CT) 
detection efficacy regarding such lesions, and compare quality of 1-h, 24-h, and 48-h  [89Zr]Zr-PSMA-617 scans, we retrospec-
tively analyzed visual findings and PET variables reflecting lesional  [89Zr]Zr-PSMA-617 uptake and lesion-to-background 
ratio. The cohort comprised 23 men with BCR post-prostatectomy, median (minimum–maximum) prostate-specific antigen 
(PSA) 0.54 (0.11–2.50) ng/mL, and negative  [68Ga]Ga-PSMA-11 scans 40 ± 28 d earlier. Primary endpoints were percent-
ages of patients with, and classifications of, suspicious lesions.
Results Altogether, 18/23 patients (78%) had 36 suspicious lesions (minimum–maximum per patient: 1–4) on both 24-h and 
48-h scans (n = 33 lesions) or only 48-h scans (n = 3 lesions). Only one lesion appeared on a 1-h scan. Lesions putatively 
represented local recurrence in 11 cases, and nodal or bone metastasis in 21 or 4 cases, respectively; 1/1 lesion was histo-
logically confirmed as a nodal metastasis. In all 15 patients given radiotherapy based on  [89Zr]Zr-PSMA-617 PET/CT, PSA 
values decreased after this treatment. Comparison of PET variables in 24-h vs 48-h scans suggested no clear superiority of 
either regarding radiotracer uptake, but improved lesion-to-background ratio at 48 h.
Conclusions In men with BCR and low PSA,  [89Zr]Zr-PSMA-617 PET/CT seems effective in finding prostate malignancy not 
seen on  [68Ga]Ga-PSMA-11 PET/CT. The higher detection rates and lesion-to-background ratios of 48-h scans versus 24-h 
scans suggest that imaging at the later time may be preferable. Prospective study of  [89Zr]Zr-PSMA-617 PET/CT is warranted.

Keywords Prostate cancer · Biochemical recurrence · Positron emission tomography/computed tomography (PET/CT) · 
Prostate-specific membrane antigen (PSMA) · Zirconium-89 (89Zr)

Introduction

The diagnostic performance of imaging in patients with bio-
chemical recurrence of prostate cancer (BCR) has been sub-
stantially improved by positron emission tomography/computed 
tomography (PET/CT) using radiotracers targeted at prostate-
specific membrane antigen (PSMA) [1, 2], a transmembrane 
glycoprotein overexpressed on the surface of prostate carcin-
coma cells [3–5]. To date, PSMA-targeted radiotracers that 
are used in everyday practice comprise PSMA ligands labeled 
with either of two short-lived radionucludes, gallium-68 (68Ga; 
half-life ~ 1.1 h) or fluorine-18 (18F; half-life ~ 1.8 h) [6–12]. 
Such tracers combine generally good sensitivity and specificity 
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with relatively low radiation exposure and the convenience and 
workflow efficiency of early image acquisition.

However, PET/CT with 68Ga or 18F tracers cannot detect 
suspicious lesions in an appreciable proportion of cases of 
BCR, especially when prostate-specific antigen (PSA) values 
are low [13, 14]. For example, our group reported a 74.8% rate 
of negative  [68Ga]Ga-PSMA-11 PET/CT in men with PSA 
levels ≤ 0.2 ng/mL (N = 115) [15], while Afshar-Oromieh 
et al. reported a 42.5% rate of negative scans in those with 
PSA > 0.2–0.5 ng/mL (n = 630) and a 27.8% rate in those with 
PSA > 0.5– ≤ 1.0 ng/mL (n = 526) [2].

To some extent, this diagnostic dilemma may be mitigated 
when image acquisition using 68Ga or 18F tracers is performed 
at additional, delayed time points, e.g., 3 h post-[68Ga]Ga-
PSMA-11 administration [16]. Nonetheless, certain cases 
of missed lesions may relate to a key limitation of the short-
lived tracers: inability to provide interpretable images beyond 
several hours post-injection. PET/CT with such tracers thus 
might not visualize lesions requiring longer times to internal-
ize PSMA-targeted radiopharmaceuticals, e.g., lesions with 
low PSMA expression or low perfusion [17]. Alternatively, 
residual urinary tract activity associated with hours-long renal 
clearance of a short-lived radiopharmaceutical may obscure 
lesions in sites such as the ureter or urinary bladder [17, 18].

Interest therefore has increased in imaging patients with BCR 
with tracers that combine PSMA ligands with the radionuclide 
zirconium-89 (89Zr), with its much longer half-life, ~ 78.41 h [13, 
17–19]. Building on earlier work by others [20, 21], our group 
and our collaborators from Radboud University Medical Center/
the University of Nijmegen stably conjugated 89Zr to PSMA-
617 [17]; we then reported on this radiotracer’s biodistribution, 
organ and whole-body dosimetry, and use in a small number of 
men with BCR (N = 8). We observed that  [89Zr]Zr-PSMA-617 
PET/CT at ≥ 24 h post-injection frequently revealed lesions sus-
picious for prostate cancer that had been missed on ~ 1-h  [68Ga]
Ga-PSMA-11 PET/CT images [17, 19, 22].

This favorable preliminary clinical experience, and experi-
ence reported with additional 89Zr-conjugated PSMA-targeted 
tracers [13, 17, 18], led us to perform the present retrospective 
analysis of our use of  [89Zr]Zr-PSMA-617 PET/CT in a larger 
group of patients with BCR and recent prior negative  [68Ga]
Ga-PSMA-11 PET/CT. Our goal was to confirm the detection 
efficacy of  [89Zr]Zr-PSMA-617 PET/CT, and to gather addi-
tional data regarding appropriate timing of image acquisition 
when using this novel modality.

Materials and methods

Endpoints

The primary endpoints of this analysis were the percentage 
of the study sample with clear visual evidence of lesions 

suspicious for prostate cancer, and the classification of 
those lesions (local recurrence, lymph node metastasis, 
bone metastasis) on scans performed 1 h, 24 h, or 48 h 
after  [89Zr]Zr-PSMA-617 administration. The 1-h  [89Zr]
Zr-PSMA-617 scans were performed to evaluate early 
imaging using an 89Zr-containing radiotracer, and to 
allow direct comparison with the conventional  [68Ga]Ga-
PSMA-11 scan; the 24-h and 48-h  [89Zr]Zr-PSMA-617 
scans were performed to assess image acquisition at times 
that presumably could be used effectively with the long-
lived 89Zr, but not the short-lived 68Ga.

Secondary endpoints were the values on each scan for 
each suspicious lesion of four key  [89Zr]Zr-PSMA-617 
PET variables reflecting lesional radiotracer uptake or 
lesion-to-background ratio, and comparison of these 
variables between scans at different time points. The 
variables ref lecting lesional radiotracer uptake were 
the maximum and peak standardized uptake values 
 (SUVmax and  SUVpeak, respectively) of the lesions; the 
variables ref lecting lesion-to-background ratio were 
the tumor-to-background ratios of  SUVmax or  SUVpeak 
 (TBRmax or  TBRpeak, respectively), i.e., the  SUVmax or 
 SUVpeak of the lesion/mean standardized uptake value 
 (SUVmean) of the tissue used as background, healthy 
gluteal muscle.

An additional secondary endpoint of the analysis was 
short-term safety, i.e., side effects or vital signs abnor-
malities that we believed to be associated with  [89Zr]
Zr-PSMA-617 PET/CT. Also, we compiled data regard-
ing prostate cancer-related interventions post-[89Zr]Zr-
PSMA-617 PET/CT and these interventions' results.

Patients and ethics

The cohort comprised 23 consecutive men with BCR, 
defined as increasing PSA following radical prosta-
tectomy. These patients underwent imaging for that 
indication at our center between 27 April 2021 and 22 
August 2022. They had negative  [68Ga]Ga-PSMA-11 
PET/CT scans, defined by absence of visual evidence 
of non-physiological radiotracer uptake. The  [68Ga]Ga-
PSMA-11 PET/CT was performed per standard proce-
dures [23], with images acquired ~ 1 h after administra-
tion of a mean ± standard deviation (SD) 148 ± 21 MBq 
activity of  [68Ga]Ga-PSMA-11.  [89Zr]Zr-PSMA-617 
PET/CT took place 40 ± 28 (median [minimum–maxi-
mum] 35 [6–104]) d thereafter. To avoid a factor that 
potentially could confound scan interpretation, patients 
were eligible for this analysis only if they received 
no treatment for prostate cancer during the interval 
between  [68Ga]Ga-PSMA-11 PET/CT and  [89Zr]Zr-
PSMA-617 PET/CT.
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Table 1 summarizes study sample characteristics. The 
patients were generally middle-aged to elderly, with Glea-
son stage ≤7 disease in about two-thirds. The PSA value 
(median [minimum–maximum]) was 0.53 [0.12–2.49] ng/
mL at  [68Ga]Ga-PSMA-11 PET/CT and 0.54 [0.11–2.50] ng/
mL at  [89Zr]Zr-PSMA-617 PET/CT. No patient had a history 
of any malignancy other than prostate cancer.

Patients underwent  [89Zr]Zr-PSMA-617 PET/CT on a 
compassionate use basis under the German Pharmaceutical 
Act §13 (2b). Their treating nuclear medicine physicians had 
direct responsibility for the procedure, including requisition-
ing the radiopharmaceutical. The analysis was conducted 
according to the Declaration of Helsinki and was approved 
by the Institutional Review Board of the Ärztekammer des 
Saarlandes/Saarbrücken (approval number: 170/22, approval 
date: 13 September 2022). All patients provided written 
consent for  [89Zr]Zr-PSMA-617 PET/CT after receiving 
comprehensive information regarding the risks of radiation 
exposure from the procedure, and regarding the potential for 
side effects of the novel PET agent. The latter information 
included a summary of adverse events associated to date 
with current PSMA-targeted radiotracers, and those associ-
ated with PSMA radioligand therapy (RLT). The consent 

also covered use of the resulting data, in de-identified form, 
for scientific publications. Data regarding 5/23 cases (22%) 
were reported previously [17, 19, 22].

[89Zr]Zr-PSMA-617 PET/CT

Whole-body images, extending from vertex to mid-
femur, were acquired 1 h, 24 h, and 48 h after intra-
venous injection of a mean ± SD 116 ± 20 (median 
[minimum–maximum]: 119 [84–163]) MBq of radi-
otracer, immediately followed by a 500-mL NaCl 
0.9% infusion. Patients were instructed to void before 
each image acquisit ion.  [89Zr]Zr-PSMA-617 was 
made in-house as described previously [19].

All imaging was performed in 3D mode on a Biograph 
mCT 40 scanner (Siemens Medical Solutions, Knoxville, 
TN, USA). PET acquisition time was 3 min/bed position 
for the 1-h scan, 4 min/bed position for the 24-h scan, and 
5 min/bed position for the 48-h scan, with an extended field-
of-view of 21.4 cm.

For attenuation correction and anatomical localization, 
low-dose CT was performed employing a 120-keV x-ray 
tube voltage and tube current modulation using CARE 
Dose4D software (Siemens Healthineers, Erlangen, Ger-
many), with 30 mAs as the reference. Data were recon-
structed with a soft tissue kernel (B31f/Be32) to a slice 
thickness of 5 mm (increment: 2–4 mm).

Along with attenuation correction, PET emission data 
underwent decay correction, random correction, and scat-
ter correction. PET images were reconstructed applying an 
iterative 3-dimensional ordered-subset expectation maximi-
zation algorithm (3 iterations; 24 subsets) with Gaussian 
filtering to a transaxial resolution of 5 mm at full width at 
half maximum. The matrix size was 200 × 200 and the pixel 
size, 3.0 mm.

Interpretation of  [89Zr]Zr-PSMA-617 PET/CT images 
and calculation of PET variables

[89Zr]Zr-PSMA-617 scans were visually interpreted by 
consensus by three nuclear medicine physicians (SE, 
FK, FR) with extensive experience in reading PET/
CT images acquired with PSMA-targeted radiotracers. 
Since image interpretation took place within everyday 
practice rather than within a clinical trial, readers were 
not blinded to the patient’s prostate cancer-related and 
other history. In interpreting the  [89Zr]Zr-PSMA-617 
PET/CT scans,  [68Ga]Ga-PSMA-11 PET/CT findings 
were taken into account, as were findings of earlier 
 [89Zr]Zr-PSMA-617 scans in the cases of the 24-h and 
48-h scans.

Table 1  Patient characteristics

ADT, androgen deprivation therapy; max., maximum; min., mini-
mum; PSA, prostate-specific antigen, PSMA, prostate-specific mem-
brane antigen

Characteristic Value

Age
  Median (min.–max.) 67 (53–77)

PSA [ng/mL], median (min.–max.)
  At  [68Ga]Ga-PSMA-11 PET/CT 0.53 (0.12–2.49)
  At  [89Zr]Zr-PSMA-617 PET/CT 0.54 (0.11–2.50)

PSA doubling time, % (n)
  < 3 mo 17% (4)
  3–6 mo 39% (9)
  7–12 mo 22% (5)
  > 12 mo 22% (5)

Gleason Score, % (n)
  6 4% (1)
  7a 17% (4)
  7b 39% (9)
  8 22% (5)
  9 17% (4)

Primary treatment, % (n)
  Prostatectomy 100% (23)

Additional treatments before PSMA PET/CT, % (n)
  Radiation therapy 35% (8)
  ADT 22% (5)
  Lymphadenectomy 4% (1)
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Each lesion that appeared to be suspicious for prostate 
cancer was analyzed using SyngoVia software (Enterprise 
VB 60, Siemens, Erlangen, Germany) to measure  SUVmax 
and  SUVpeak, and calculate  TBRmax and  TBRpeak. The lat-
ter two variables were respectively defined as  SUVmax or 
 SUVpeak of the lesion divided by  SUVmean of healthy glu-
teal muscle, the tissue used as background.  SUVmean was 
calculated within a volume of interest applying a threshold 
of 20% of  SUVmax.

Monitoring for potential adverse events related 
to  [89Zr]Zr-PSMA-617 PET/CT

We recorded adverse events and clinically-relevant abnor-
malities in vital signs that we believed to be related to  [89Zr]
Zr-PSMA-617 PET/CT and that were observed by health 
care professionals, reported by the patient, or both during 
imaging and up to 4 weeks thereafter. Questions about spe-
cific potential side effects as well as open-ended queries 
about the occurrence of side effects in general were posed 
to patients in telephone calls made shortly after scanning 
and/or after the first follow-up visit.

Statistics

Data are presented as descriptive statistics, including 
mean ± SD, median (minimum–maximum), and number 
(percentage) or vice versa, as appropriate. The Wilcoxon 
matched-pairs signed rank test was used for intra-individ-
ual comparison of values for PET variables between scans 
acquired at different time points.

Prism version 8 (GraphPad Software, San Diego, USA) 
was used for the statistical analyses. p < 0.05 was considered 
to be statistically significant.

Results

Visual findings

Eighteen of the 23 patients (78%) included in this analy-
sis had clear visual evidence of lesions suspicious for 
prostate cancer on one or more  [89Zr]Zr-PSMA-617 
PET/CT scans, while 5 (22%) had no such findings 
(Table 2). PSA ranged from 0.19 ng/mL to 2.5 ng/mL 
in the patients with positive scans and from 0.11 ng/
mL to 1.55 ng/mL in the patients with negative scans. 
Figure 1 shows representative  [89Zr]Zr-PSMA-617 PET 
images 1 h, 24 h, and 48 h post-injection from a patient 
with a positive scan.

Altogether 36 lesions (minimum–maximum 1–4 per 
patient) were detected in the 18 patients with positive  [89Zr]
Zr-PSMA-617 PET/CT scans. Of these lesions, 11 were 

suspected to be local (prostate bed) recurrence, 21, lymph 
node metastases, and 4, bone metastases. Figures 2, 3 and 4 
display representative images of lesions that were classified 
as either a local recurrence, a lymph node metastasis, or a 
bone metastasis.

Thirty-three lesions (92%) were visible on the 24-h 
scan, all of which also were visible on the 48-h scan. 
Three additional lesions (8%), all presumed to be 
local (prostate bed) recurrences, were seen only on 
the 48-h scan. Of these 36 lesions, only one, which 
was classified as a bone metastasis, was visible on the 
1-h scan; this lesion was also noted on both the 24-h 
and 48-h scans.

PET variables

In intra-lesion comparisons involving all 33 lesions visible 
on both scans,  SUVmax did not differ significantly between 
24-h scans versus 48-h scans (p = 0.104), while  SUVpeak 
was slightly but significantly lower in 48-h scans (p = 0.01) 
(Fig. 5). Results of PET variables across scans and lesion 
types are compiled in Table 2.

In contrast, intra-lesion comparisons, also involving all 33 
lesions visible on both scans, of variables reflecting lesion-
to-background ratio, i.e.,  TBRmax and  TBRpeak, showed that 
values were significantly higher in the 48-h scan versus the 
24-h scan (both p < 0.001) (Table 2; Fig. 5). The pattern of 
improved lesion-to-background ratio from the 24-h scan to 
the 48-h scan also held true across lesion types (Table 2; 
Fig. 6).

Safety

No adverse events, including clinically-relevant vital signs 
abnormalities, were noted during the  [89Zr]Zr-PSMA-617 
PET/CT or the 4 weeks thereafter.

Follow-up

All patients with positive  [89Zr]Zr-PSMA-617 PET/CT 
imaging (n = 18) received treatment due to scan findings. 
One patient underwent lymphadenectomy of a solitary 
nodal lesion. The surgical specimen was histopatho-
logically confirmed to contain prostate cancer using 
immunohistochemistry. The other patients underwent 
radiotherapy with the dose and fields based on the  [89Zr]
Zr-PSMA-617 scan observations (n = 15) or received sys-
temic antiandrogen therapy (n = 2). In the patients who 
received radiotherapy, PSA decreased following that 
intervention in all cases, by an average of 72% ± 25%. 
Post-radiotherapy, the PSA value became undetectable in 
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5 of the 15 patients, decreased by > 70% in an additional 
5/15, and decreased by 30–70% in the remaining 5/15. 

Post-treatment PSA became also undetectable in the 2 
men given antiandrogen therapy.

Table 2  [89Zr]Zr-PSMA-617 PET/CT findings

max., maximum; min., minimum; PET/CT, positron emission tomography/computed tomography; PSMA, prostate-specific membrane anti-
gen; SD, standard deviation;  SUVmax, maximum standardized uptake value;  SUVpeak, peak standardized uptake value;  TBRmax, tumor-to-back-
ground ratio of  SUVmax:  SUVmax of presumed tumor lesion/SUVmean of healthy gluteal muscle;  TBRpeak, tumor-to-background ratio of  SUVpeak: 
 SUVpeak of presumed tumor lesion/SUVmean of healthy gluteal muscle
a  Calculation based on lesions seen in both 24-h and 48-h post-injection scans
b  Calculation based on all lesions seen in 48-h post-injection scan

Variable Value

Suspicious lesions on  [89Zr]Zr-PSMA-617 PET/CT 24-h scan 48-h scan
  Number of patients with suspicious lesions 16 18

  Number of lesions
    Any 33 36
    Local recurrence 8 11
    Lymph node metastasis 21 21
    Bone metastasis 4 4

[89Zr]Zr-PSMA-617 PET variables, mean ± SD [min.–max.]
   SUVmax

24-h scan 48-h scan p-value
    All lesions 12.7 ± 11.4 [3.2–54.8] 14.0 ± 12.5 [2.5–60.5]a

13.6 ± 12.3 [2.5–60.5]b
0.104a

    Local recurrence 15.3 ± 14.1 [3.2–44.5] 16.5 ± 15.5 [3.1–49.5]a

14.7 ± 14.0 [3.1–49.5]b
0.55a

    Lymph node metastasis 10.4 ± 6.0 [3.5–29.7] 11.6 ± 6.8 [2.5–25.5] 0.36
    Bone metastasis 19.4 ± 23.7 [5.9–54.8] 21.7 ± 26.8 [7.4–60.5] 0.13
   SUVpeak

24-h scan 48-h scan p-value
    All lesions 3.7 ± 3.2 [0.8–14.5] 3.4 ± 2.8 [0.6–12.7]a

3.3 ± 2.7 [0.6–12.7]b
0.01a

    Local recurrence 4.9 ± 4.6 [1.4–14.5] 4.3 ± 4.2 [0.6–12.7]a

3.8 ± 3.7 [0.6–12.7]b
0.016a

    Lymph node metastasis 2.9 ± 1.6 [0.8–7.8] 2.8 ± 1.7 [0.7–7.3] 0.30
    Bone metastasis 5.7 ± 5.3 [1.7–12.8] 4.9 ± 4.4 [1.5–11.0] 0.38
   TBRmax

24-h scan 48-h scan p-value
    All lesions 29.7 ± 24.9 [7.0–107.5] 64.8 ± 59.7 [8.4–291.2]a

64.2 ± 59.2 [8.4–291.2]b
 < 0.001a

    Local recurrence 36.4 ± 30.7 [7.0–94.7] 85.2 ± 94.1 [8.4–291.2]a

77.7 ± 84.8 [8.4–291.2]b
 < 0.001a

    Lymph node metastasis 25.4 ± 17.1 [7.7–80.3] 54.0 ± 35.7 [13.2–141.7]  < 0.001
    Bone metastasis 39.2 ± 45.7 [12.6–107.5] 89.4 ± 81.6 [24.7–201.7] 0.13
   TBRpeak

24-h scan 48-h scan p-value
    All lesions 8.8 ± 7.2 [1.8–30.9] 15.8 ± 14.5 [2.3–74.7]a

15.6 ± 14.2 [2.3–74.7]b
 < 0.001a

    Local recurrence 11.6 ± 9.9 [3.3–30.9] 21.9 ± 24.4 [2.3–74.7]a

19.5 ± 21.6 [2.3–74.7]b
 < 0.001a

    Lymph node metastasis 7.1 ± 4.8 [1.9–21.1] 12.9 ± 8.5 [3.7–36.5]  < 0.001
    Bone metastasis 11.9 ± 10.5 [3.3–25.1] 19.0 ± 13.8 [5.0–36.7] 0.13
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Discussion

This analysis of experience with  [89Zr]Zr-PSMA-617 PET/
CT involves, to our knowledge, the largest yet published 
cohort of men with BCR and recent negative conventional 
PSMA-targeted imaging. The study had four principal 
findings. First, we confirmed in a 23-patient sample the 
efficacy of  [89Zr]Zr-PSMA-617 PET/CT in localizing 
lesions suspicious for prostate cancer, with a patient-level 
detection rate of 78% (18/23). The lesions detected were 

suggestive of the three most common forms of recurrent 
prostate cancer, local recurrence, lymph node metastasis, 
and bone metastasis. As would be expected in the BCR 
setting, each patient had a limited number (1–4 per patient) 
of suspicious lesions, i.e., structural correlates of the PSA 
elevation appear to have been detected at the oligomet-
astatic stage or earlier. Notably, high detection efficacy 
was shown in this study despite low PSA concentrations 
(median 0.54 ng/mL, minimum–maximum 0.11–2.5 ng/
mL).

A B

[89Zr]Zr-PSMA-617 [68Ga]Ga-PSMA-11

1 h p.i. 24 h p.i. 48 h p.i. 1 h p.i.

SUV 7

0

Fig. 1  Maximum intensity projection (MIP) images of a patient with 
biochemical recurrence of prostate cancer (PSA 2.5 ng/mL, PSA dou-
bling time > 12 months at time of imaging) on a)  [89Zr]Zr-PSMA-617 
PET/CT 1  h, 24  h, and 48  h post-injection (p.i.) and b)  [68Ga]Ga-
PSMA-11 PET/CT 1  h post-injection.  [89Zr]Zr-PSMA-617 PET/CT 

revealed a suspected local recurrence (red arrow) and a suspected pel-
vic lymph node metastasis (green arrow) on 24-h and 48-h post-injec-
tion scans, findings that were not discerned on  [68Ga]Ga-PSMA-11 
PET/CT

Fig. 2  Transversal slice images 
showing presumed local recur-
rence of prostate cancer (green 
arrows) revealed by  [89Zr]
Zr-PSMA-617 PET/CT (left-
hand column) but not identified 
on  [68Ga]Ga-PSMA-11 PET/
CT (right-hand column) in two 
patients (rows A and B, respec-
tively). p.i., post-injection; SUV, 
standardized uptake value
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Second, our analysis of PET variables of lesional tracer 
uptake and lesion–to-background ratio confirmed a pair of 
earlier observations regarding  [89Zr]Zr-PSMA-617 phar-
macokinetics [19]. Namely, lesional accumulation of this 
tracer remains broadly stable in the 24-h to 48-h post-
administration interval, reflected in the present analysis by 
the lack of significant differences in  SUVmax and by only 
slightly (albeit significantly) lower  SUVpeak at 48 h. On the 
other hand, decreased physiological accumulation of  [89Zr]
Zr-PSMA-617 during that period resulted in an increased 
lesion-to-background ratio in the later scans, in the form of a 
statistically-significant, and roughly twofold higher,  TBRmax 
and  TBRpeak at 48 h vs 24 h. These pharmacokinetics likely 

explain our detection of 33 lesions on both the 24-h and 48-h 
scans, but 3 additional lesions only on 48-h images. Indeed, 
these pharmacokinetic findings, along with the persistent 
visibility on 48-h scans of all lesions seen on 24-h scans, and 
the greater detection efficacy of the later imaging, suggest 
that 48-h imaging may be preferable to 24-h imaging. How-
ever, it remains for future studies to more definitively deter-
mine the most appropriate timing for  [89Zr]Zr-PSMA-617 
PET/CT scanning.

Third, we found evidence that patients with suspi-
cious lesions on  [89Zr]Zr-PSMA-617 PET/CT appeared 
to have had true-positive scans. One patient underwent 
surgery based on scan findings, and true positivity was 

Fig. 3  Transversal slice images 
showing presumed lymph node 
metastases of prostate cancer 
(green arrows) revealed by 
 [89Zr]Zr-PSMA-617 PET/CT 
(left-hand column) but not iden-
tified on  [68Ga]Ga-PSMA-11 
PET/CT (right-hand column) 
in two patients (rows A and B, 
respectively). p.i., post-injec-
tion; SUV, standardized uptake 
value

Fig. 4  Transversal slice images 
showing suspected bone metas-
tases of prostate cancer (green 
arrows) revealed by  [89Zr]Zr-
PSMA-617 PET/CT (left-hand 
column) but not discernible 
on  [68Ga]Ga-PSMA-11 PET/
CT (right-hand column) in two 
patients (rows A and B, respec-
tively). p.i., post-injection; SUV, 
standardized uptake value
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Fig. 5  Aggregate descriptive 
statistics of PET variables of 
lesional radiotracer uptake and 
lesion-to-background ratio 
of all detected lesions suspi-
cious for prostate cancer in 
 [89Zr]Zr-PSMA-617 PET/CT 
images acquired at 24 h vs. 
48 h post-injection: a)  SUVmax, 
b)  SUVpeak, c)  TBRmax, and 
d)  TBRpeak. p values refer to 
intra-lesion comparisons of the 
values between the 24-h and 
48-h post-injection scans for all 
lesions visible on both scans 
(n = 33). SD, standard deviation; 
 SUVmax, maximum standard-
ized uptake value;  SUVpeak, 
peak standardized uptake; 
 TBRmax, tumor-to-background 
ratio of  SUVmax:  SUVmax of 
presumed tumor lesion/SUVmean 
of healthy gluteal muscle; 
 TBRpeak, tumor-to-background 
ratio of  SUVpeak:  SUVpeak of 
presumed tumor lesion/SUVmean 
of healthy gluteal muscle
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Fig. 6  Aggregate statistics 
of PET variables of lesional 
radiotracer uptake and 
lesion–background ratio by 
lesion classification in  [89Zr]
Zr-PSMA-617 PET/CT images 
acquired 24 h post-injection and 
48 h post-injection: a)  SUVmax, 
b)  SUVpeak, c)  TBRmax, and d) 
 TBRpeak. BM, bone metastases; 
LN, lymph node metastases; 
LR, local recurrence; SD, 
standard deviation; SUVmax, 
maximum standardized uptake 
value; SUVpeak, peak standard-
ized uptake;  TBRmax, tumor-to-
background ratio of  SUVmax: 
 SUVmax of presumed tumor 
lesion/SUVmean of healthy 
gluteal muscle;  TBRpeak, tumor-
to-background ratio of  SUVpeak: 
 SUVpeak of presumed tumor 
lesion/SUVmean of healthy 
gluteal muscle
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confirmed by surgical specimen histology and by PSA 
decreases following this procedure, a lymphadenectomy 
of a solitary nodal lesion. Further, in all 15 additional 
patients receiving salvage radiotherapy based on [89Zr]
Zr-PSMA-617 PET/CT findings, PSA decreased after-
wards. The average PSA reduction was 72% ± 25% and 
the minimum decrease, 30%, with the analyte becoming 
undetectable in 5 of these men.

Fourth, our analysis supported previous published obser-
vations of the safety of  [89Zr]Zr-PSMA-617 PET/CT, at 
least over the short term [19]. No undesirable effects were 
noted by health care professionals or patients up to 4 weeks 
post-scanning.

Our observations are quite comparable to those of 
Dietlein et al. using PET/CT with another 89Zr-based radi-
otracer,  [89Zr]Zr-PSMA-Df [13]. These investigators visu-
ally identified altogether 15 suspicious lesions (1–4 per 
patient) in 8/14 men (57%) with BCR and median (mini-
mum–maximum) PSA of 0.85 (0.31–7.2) ng/mL. The  [89Zr]
Zr-PSMA-Df scans were acquired 24–144 h post-injection, 
within 5 weeks after negative  [68Ga]Ga-PSMA-11 PET/CT 
(n = 4) or  [18F]-JK-PSMA-7 PET/CT (n = 10). Aligned with 
our experience, Dietlein and colleagues also detected puta-
tive local recurrence, lymph node metastasis, and/or distant 
metastasis. Additionally, like us, these investigators reported 
no side effects of the novel imaging procedure.

Limitations of the present work should be kept in mind. 
This was a single-center, retrospective analysis of a relatively 
small number of patients, which merits a caveat regarding 
generalizability. Additionally, in the everyday practice set-
ting reported here, malignancy of 35/36 suspected prostate 
cancer lesions was not assessed histopathologically. How-
ever, 1 patient who underwent excision of a solitary nodal 
lesion seen on  [89Zr]Zr-PSMA-617 PET/CT had this find-
ing histologically confirmed as prostate cancer. Additionally, 
true scan positivity was suggested by marked to complete 
biochemical responses following salvage radiotherapy in 
all 15 additional patients who received that intervention. 
Nonetheless, presence of detectable PSA post-radiotherapy 
in some of these men means that the presence of lesions 
missed by  [89Zr]Zr-PSMA-617 PET/CT as well as by  [68Ga]
Ga-PSMA-11 PET/CT cannot be excluded. Thus, to more 
definitively characterize the diagnostic performance of this 
novel radiotracer, it will be useful to more systematically 
analyze biochemistry, imaging, and clinical follow-up after 
 [89Zr]Zr-PSMA-617 PET/CT.

Additionally,  [68Ga]Ga-PSMA-11 PET acquisition at 
delayed time points, e.g., 3 h post-injection was not per-
formed in our cohort. Further, it cannot be excluded that not 
only the different radionuclides used in this study, but also 
the different PSMA ligands played a role in our results. Com-
pared with PSMA-11, PSMA-617 has a longer persistence 
in the blood pool and is associated with higher background 

in PET images. However, no clinically relevant differences 
in tumor uptake of these ligands have been reported, thus an 
impact on our results seems to be unlikely [24]. Lastly, we 
did not evaluate longer-term safety of this imaging proce-
dure, or comprehensively assess short-term safety. However, 
some reassurance is provided by safety having been dem-
onstrated using zirconium-labeled radiopharmaceuticals in 
other settings [25–28].

[89Zr]Zr-PSMA-617 PET/CT may ultimately be somewhat 
of a “niche modality”, largely reserved for patients with nega-
tive or indeterminate conventional (early) PET/CT despite 
BCR. In such cases,  [89Zr]Zr-PSMA-617 may be particularly 
suitable for patients wishing to avoid systemic treatment in 
favor of metastasis-directed approaches [13, 29–32]. The 
potentially treatment-altering and outcome-altering infor-
mation to be gained from the examination would seem to 
substantially outweigh its disadvantage of an approximately 
2.5 times higher radiation exposure than that associated with 
conventional PSMA PET/CT [19], and to justify application 
of this novel procedure, especially in the above-mentioned 
cases. Given the identical PSMA ligands in this pair of radi-
opharmaceuticals, another potential application of  [89Zr]Zr-
PSMA-617 PET/CT may be for pre-lutetium-177-PSMA-617 
RLT dosimetry, to attempt to individualize, and thereby opti-
mize, dosing to improve safety and efficacy.

Conclusions

In men with BCR, even when PSA levels are low,  [89Zr]
Zr-PSMA-617 PET/CT seems to be effective (positivity 
rate 78% in our cohort) in detecting lesions suspicious for 
local recurrence and metastasis that eluded detection using 
conventional imaging such as  [68Ga]Ga-PSMA-11 PET/CT. 
Prospective study of this novel imaging modality in men 
with BCR is warranted.

Abbreviations 18F:  Fluorine-18; 68Ga:  Gallium-68; 89Zr:  Zirco-
nium-89; ADT: Androgen deprivation therapy ; CT: Computed tomog-
raphy; DM: Distant metastases; LR: Local recurrence; LN: Lymph 
node metastases; max.: Maximum; min.: Minimum; MIP: Maximum 
intensity projection; PET: Positron emission tomography; p.i.: Post-
injection; PSA: Prostate-specific antigen; PSMA: Prostate-specific 
membrane antigen; RLT: Radioligand therapy; SD: Standard devia-
tion; SUVmax: Maximum standardized uptake value; SUVmean: Mean 
standardized uptake value; SUVpeak: Peak standardized uptake value; 
TBRmax: Tumor-to-background ratio of  SUVmax:  SUVmax of presumed 
tumor lesion/SUVmean of healthy gluteal muscle; TBRpeak: Tumor-
to-background ratio of  SUVpeak:  SUVpeak of presumed tumor lesion/
SUVmean of healthy gluteal muscle
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Abstract
Background The state-of-the-art method for imaging men with biochemical recurrence of prostate cancer (BCR) 
is prostate-specific membrane antigen (PSMA)-targeted positron emission tomography/computed tomography 
(PET/CT) with tracers containing short-lived radionuclides, e.g., gallium-68 (68Ga; half-life: ∼67.7 min). However, such 
imaging not infrequently yields indeterminate findings, which remain challenging to characterize. PSMA-targeted 
tracers labeled with zirconium-89 (89Zr; half-life: ∼78.41 h) permit later scanning, which may help in classifying the 
level of suspiciousness for prostate cancer of lesions previously indeterminate on conventional PSMA-targeted PET/
CT.
Methods To assess the ability of [89Zr]Zr-PSMA-617 PET/CT to characterize such lesions, we retrospectively analyzed 
altogether 20 lesions that were indeterminate on prior [68Ga]Ga-PSMA-11 PET/CT, in 15 men with BCR (median 
prostate-specific antigen: 0.70 ng/mL). The primary endpoint was the lesions’ classifications, and secondary endpoints 
included [89Zr]Zr-PSMA-617 uptake (maximum standardized uptake value [SUVmax]), and lesion-to-background ratio 
(tumor-to-liver ratio of the SUVmax [TLR]). [89Zr]Zr-PSMA-617 scans were performed 1 h, 24 h, and 48 h post-injection of 
123 ± 19 MBq of radiotracer, 35 ± 35 d post-[68Ga]Ga-PSMA-11 PET/CT.
Results Altogether, 6/20 previously-indeterminate lesions (30%) were classified as suspicious (positive) for prostate 
cancer, 14/20 (70%), as non-suspicious (negative). In these two categories, [89Zr]Zr-PSMA-617 uptake and lesional 
contrast showed distinctly different patterns. In positive lesions, SUVmax and TLR markedly rose from 1 to 48 h, with 
SUVmax essentially plateauing at high levels, and TLR further steeply increasing, from 24 to 48 h. In negative lesions, 
uptake, when present, was very low, and decreasing, while contrast was minimal, from 1 to 48 h. No adverse events 
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Background
The state-of-the-art method for imaging men with bio-
chemical recurrence of prostate cancer (BCR) is prostate-
specific membrane antigen (PSMA)-targeted positron 
emission tomography/computed tomography (PET/CT) 
[1–3]. Most widely used for this purpose at present are 
PSMA-targeted tracers containing short-lived radionu-
clides, e.g., gallium-68 (68Ga; half-life: ∼67.7 min) or fluo-
rine-18 (18F, half-life ∼109.8 min) [4–8].

Besides improving sensitivity and specificity of prostate 
cancer imaging, PSMA-targeted PET/CT has reduced 
the rate of equivocal findings compared to that seen with 
the previous standard procedures, CT and bone scan. For 
example, in the proPSMA study (N = 295) in the primary 
staging setting, [68Ga]Ga-PSMA-11 PET/CT was associ-
ated with a 7% (95% confidence interval: 4–13%) rate of 
equivocal scans, versus 23% (95% confidence interval: 
17–31%) for the older modalities [9]. Nonetheless, inde-
terminate lesions remain an appreciably frequent chal-
lenge in whole-body prostate cancer staging. In many 
cases, characterization of such lesions may be decisive in 
optimizing treatment planning, and is therefore of high 
clinical importance [10].

PSMA-targeted PET/CT with tracers incorporating 
zirconium-89 (89Zr) are a potential means of character-
izing lesions that are indeterminate on conventional 
PSMA-targeted PET/CT, i.e., that conducted using 
68Ga-labeled or 18F-labeled radiotracers. Due to the 
much longer half-life of 89Zr, ∼ 78.41  h, tracers conju-
gated with that radionuclide allow much later imaging, 
i.e., at ≥ 24 h post-injection. For this reason, 89Zr tracers 
may clearly visualize lesions that more slowly internalize 
PSMA ligands, e.g., those with weak PSMA expression 
or poor perfusion [11–16]. Additionally, late scanning 
allows greater time for radiopharmaceutical clearance 
from non-target tissue, thereby increasing tumor-to-
background ratio [14].

We, our collaborators from Radboud University 
Medical Center/the University of Nijmegen, and oth-
ers have reported that PET/CT at ≥ 24  h post-injec-
tion with [89Zr]Zr-PSMA-617 or other 89Zr-labeled 
tracers frequently detects lesions suspicious for 
prostate cancer that were not apparent on conven-
tionally-acquired PET/CT images [11–16]. Our group 

also reported promising preliminary experience using 
[89Zr]Zr-PSMA-617 in 3 patients with indeterminate 
findings on [68Ga]Ga-PSMA-11 PET/CT [13]. However, 
to our knowledge, the literature contains no additional 
data regarding the ability of [89Zr]Zr-PSMA-617 PET/CT 
to characterize as suspicious or non-suspicious for pros-
tate cancer lesions that were indeterminate on conven-
tional PSMA-targeted PET/CT. We therefore sought to 
assess the use of this novel imaging modality in a larger 
cohort of patients with indeterminate findings on PET 
using tracers with short-lived radionuclides.

Methods
Study design and endpoints
This was a retrospective, lesion-based analysis. The 
primary endpoint was the visual classification on 
[89Zr]Zr-PSMA-617 PET/CT of lesions that on a prior 
[68Ga]Ga-PSMA-11 PET/CT scan, had been judged 
to be indeterminate. Additional secondary endpoints 
comprised the values of and changes over time in 
[89Zr]Zr-PSMA-617 PET variables for each previously-
indeterminate lesion, and the number and sites of lesions 
detected on [89Zr]Zr-PSMA-617 PET/CT, but not on 
[68Ga]Ga-PSMA-11 PET/CT.

The remaining secondary endpoints were near-term 
safety, i.e., side effects or vital signs abnormalities 
observed during or shortly after the procedure that we 
deemed to be related to [89Zr]Zr-PSMA-617 PET/CT, 
and results of follow-up of patients in the study sample.

Patients and ethics
The cohort included 15 consecutive men with BCR who 
had ≥ 1 indeterminate lesion on prior [68Ga]Ga-PSMA-11 
PET/CT. BCR was defined as increasing prostate-spe-
cific antigen (PSA) after primary (curative-intent) treat-
ment. Imaging took place between 25 October 2021 and 
6 February 2023 at Saarland University Medical Center, 
Homburg, Germany. The [68Ga]Ga-PSMA-11 PET/CT 
was conducted following standard procedures [17], ∼ 1 h 
after infusion of, on average, 151 ± 25 MBq of radiotracer. 
Indeterminate lesions were defined as those that could 
not be clearly attributed to pathological or physiological 
uptake, e.g., visually faint foci at typical sites of prostate 
cancer recurrence, foci at sites unusual for recurrence, 

or clinically-relevant vital signs changes related to [89Zr]Zr-PSMA-617 PET/CT were noted during or ~ 4 weeks after the 
procedure.
Conclusions In men with BCR, [89Zr]Zr-PSMA-617 PET/CT may help characterize as suspicious or non-suspicious for 
prostate cancer lesions that were previously indeterminate on [68Ga]Ga-PSMA-11 PET/CT.
Trial registration Not applicable.
Keywords Prostate cancer, Biochemical recurrence, Positron emission tomography/computed tomography (PET/CT), 
Indeterminate findings, Prostate-specific membrane antigen (PSMA), Zirconium-89 (89Zr)
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or foci that lacked an apparent anatomical correlate on 
the concurrent CT. [68Ga]Ga-PSMA-11 PET/CT images 
were classified visually by consensus among three expe-
rienced nuclear medicine specialists (SE, FK, FR). To 
eliminate a potential confounder in [89Zr]Zr-PSMA-617 
scan interpretation, patients were excluded from the 
analysis if their prostate cancer treatment changed in 
the time between the [68Ga]Ga-PSMA-11 scan and the 
[89Zr]Zr-PSMA-617 scan.

Table  1 summarizes patient and imaging characteris-
tics of the study sample. This cohort was typically mid-
dle-aged to elderly, with Gleason stage 8 or 9 disease in 

60% of cases. PSA values were (median [minimum–maxi-
mum] 0.70 [0.10–10.2] ng/mL). Data regarding 3/15 
patients were previously published [13].

Altogether 20 indeterminate lesions had been 
described on [68Ga]Ga-PSMA-11 PET/CT, 4 located in 
the prostate bed, 8 in or adjacent to lymph nodes, and 
8 in the skeleton. Each patient had a limited number of 
such lesions: 1 each in 11 men, 2 each in 3 patients, and 
3 in 1 patient. Besides the indeterminate lesion(s), 7/15 
(47%) men had lesions that could be clearly classified as 
suspicious on [68Ga]Ga-PSMA-11 PET/CT; in 8/15 (53%) 
patients, the indeterminate lesion(s) were the only find-
ings on the conventional PSMA-targeted scan.

[89Zr]Zr-PSMA-617 PET/CT was performed on a com-
passionate use basis under the German Pharmaceutical 
Act § 13 (2b). Attending nuclear medicine physicians had 
direct responsibility for the procedure, including order-
ing the radiopharmaceutical. The analysis conformed to 
the Declaration of Helsinki and received approval from 
the Institutional Review Board of the Ärztekammer des 
Saarlandes/Saarbrücken (approval number: 170/22, 
approval date: 13 September 2022). Written consent 
for [89Zr]Zr-PSMA-617 PET/CT was obtained from all 
patients after they received detailed information on the 
risks of radiation exposure associated with this proce-
dure, and on the potential for side effects of the novel 
radiotracer. The consent also permitted the patient’s 
data to be reported in de-identified form in scientific 
publications.

[89Zr]Zr-PSMA-617 PET/CT
[89Zr]Zr-PSMA-617 PET/CT took place 35 ± 35 
(median [minimum–maximum] 25 [7–140]) d after 
the [68Ga]Ga-PSMA-11 PET/CT. One hr, 24  h, and 
48  h after intravenous injection of [89Zr]Zr-PSMA-617, 
whole-body PET/CT images, extending from vertex to 
mid-femur, were acquired. The mean ± standard devia-
tion (SD) [89Zr]Zr-PSMA-617 activity was 123 ± 19 
MBq, the median (minimum–maximum) activity was 
125 (85–157) MBq, and radiotracer administration was 
immediately followed by a 500-mL NaCl 0.9% infusion. 
Patients were asked to void before each image acquisi-
tion. [89Zr]Zr-PSMA-617 was manufactured in-house 
[13]. Imaging was performed on a Biograph mCT 40 sys-
tem (Siemens Medical Solutions, Knoxville, TN, USA). 
Acquisition time was 3  min/bed position for the 1-hr 
scan, 4 min/bed position for the 24-hr scan, and 5 min/
bed position for the 48-hr scan. For attenuation correc-
tion and anatomical localization, low-dose CT was car-
ried out using a 120-keV x-ray tube voltage and tube 
current modulation with CARE Dose4D software (Sie-
mens Healthineers, Erlangen, Germany), with 30 mAs as 
the reference. A soft tissue kernel (B31f/Be32) and a slice 
thickness of 5 mm (increment: 2–4 mm) were employed 

Table 1 Patient and imaging characteristics of 15 men with 
indeterminate [68Ga]Ga-PSMA-11 PET/CT
Characteristic Value
Age [yr]
 Median (min.–max.) 71 

(59–77)
PSA [ng/mL]
 Median (min.–max.) 0.70 

(0.10–
10.2)

PSA doubling time category, % (n)
 <3 mo. 33% (5)
 3–6 mo. 33% (5)
 7–12 mo. 13% (2)
 >12 mo. 20% (3)
Gleason Score category, % (n)
 6 7% (1)
 7a 13% (2)
 7b 20% (3)
 8 27% (4)
 9 33% (5)
Primary treatment, % (n)
 Prostatectomy alone 40% (6)
 Prostatectomy + lymphadenectomy 47% (7)
 Radiation therapy 13% (2)
Additional treatments before study imaging, % (n)
 Radiation therapy 20% (3)
 ADT 20% (3)
Number of indeterminate lesions on [68Ga]Ga-PSMA-11 PET/
CT
 Total 20
 Median (min.–max.) per patient 1 (1–3)
 Percentage (number) of patients with multiple indetermi-
nate lesions

27% (4)

Sites(s) of indeterminate lesions on [68Ga]Ga-PSMA-11 PET/
CT, % (n)
 Local 20% (4)
 Lymph node 40% (8)
 Bone 40% (8)
Because of rounding, percentages may not add up to 100% for certain 
characteristics

ADT: androgen deprivation therapy or antiandrogen therapy; max.: maximum; 
min.: minimum; PSA: prostate-specific antigen; SD: standard deviation
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for data reconstruction. PET emission data also 
underwent decay correction, random correction, and 
scatter correction. An iterative 3-dimensional ordered-
subset expectation maximization algorithm (3 iterations; 
24 subsets) with Gaussian filtering to a transaxial resolu-
tion of 5 mm at full width at half maximum was applied 
to reconstruct the PET images. Matrix and pixel sizes 
were 200 × 200 and 3.0 mm, respectively.

[89Zr]Zr-PSMA-617 PET/CT image interpretation
[89Zr]Zr-PSMA-617 PET/CT findings were classified 
visually, by consensus among the same nuclear medicine 
specialists who had interpreted the [68Ga]Ga-PSMA-11 
PET/CT images. Lesions were considered to be positive 
on [89Zr]Zr-PSMA-617 PET/CT if they were visible on 
the 24-h scan and/or the 48-h scan as foci of clear uptake. 
Lesions were deemed to be negative if they could not be 
visualized on late imaging. Because [89Zr]Zr-PSMA-617 
PET/CT images were interpreted within everyday prac-
tice and not a clinical study, the readers could access the 
patient’s prostate cancer-related and other medical his-
tory and prior images.

Calculation of PET variables
In separate analyses of lesions that respectively had been 
classified as indeterminate or as positive on the prior 
conventional scan, two key on [89Zr]Zr-PSMA-617 PET 
variables were measured. First, the maximum standard-
ized uptake value (SUVmax), reflecting lesional uptake of 
[89Zr]Zr-PSMA-617, was determined. SyngoVia Enter-
prise VB 60 software (Siemens) was used. Second, the 
tumor-to-liver ratio (TLR), reflecting lesional contrast, 
was calculated. TLR was defined as the SUVmax of the 
lesion divided by the mean standardized uptake value 
(SUVmean) of the tissue representing background, in this 
analysis, healthy liver. The SUVmean was calculated in a 
spherical volume of interest within the liver.

Monitoring for potential adverse events related to 
[89Zr]Zr-PSMA-617 PET/CT
Adverse events and clinically-relevant vital signs 
abnormalities that were believed to be associated with 
[89Zr]Zr-PSMA-617 PET/CT and were noted by health 
care professionals, the patient, or both during imaging 
and up to 4 weeks thereafter were recorded. In telephone 
calls made shortly after scanning and/or after the first 
follow-up visit, patients were questioned about specific 
side effects and, in open-ended fashion, about the occur-
rence of side effects in general.

Patient follow-up
Data were compiled regarding subsequent therapy and 
biochemical follow-up of patients in the study sample. 

This compilation was performed via retrospective analy-
sis of medical records or via personal interview.

Statistics
Data are presented as descriptive statistics including, as 
appropriate, mean ± SD, median (minimum–maximum), 
and number (percentage) or vice versa.

Results
Of altogether 20 lesions considered to 
be indeterminate for prostate cancer on 
[68Ga]Ga-PSMA-11 PET/CT, 6 (30%) were classified as 
suspicious (positive) and the remaining 14 (70%) as non-
suspicious (negative) on [89Zr]Zr-PSMA-617 PET/CT. 
Figure  1 shows [89Zr]Zr-PSMA-617 PET/CT images at 
1  h, 24  h, and 48  h post-injection, and the correspond-
ing [68Ga]Ga-PSMA-11 PET/CT scan 1 h post-injection 
from a patient whose indeterminate lesion was confirmed 
to be suspicious (positive) on [89Zr]Zr-PSMA-617 PET/
CT; also illustrated is a quantitative analysis of this lesion.

As seen in Table 2, the lesions classified as positive on 
the [89Zr]Zr-PSMA-617 scan comprised 3 of 4 possible 
local recurrences, 1 of 8 possible lymph node metastases, 
and 2 of 8 possible bone metastases.

Representative images of positive and negative lesions 
for each category of anatomical site appear in Figs. 2 and 
3.

As reflected by SUVmax, collectively, 
[89Zr]Zr-PSMA-617 uptake (Fig. 4A) and changes in that 
variable over time (Fig.  4B) distinctly differed between 
the 6 previously-indeterminate lesions that were classi-
fied as positive on [89Zr]Zr-PSMA-617 PET/CT versus 
their 14 counterparts that were classified as negative. 
In the positive lesions, radiotracer uptake rose mark-
edly from the 1-hr to the 24-hr scan, and then essentially 
plateaued at a high level through 48  h post-injection. 
In the negative lesions, the already very low degree of 
[89Zr]Zr-PSMA-617 uptake at 1

hr post-injection declined in the subsequent two 
measurements, or the lesions did not show any clear 
radiotracer uptake. Additionally, TLR, a marker 
of lesional contrast, was markedly higher in the 
[89Zr]Zr-PSMA-617-positive lesions than in the 
[89Zr]Zr-PSMA-617-negative lesions at 24 and 48  h 
(Fig. 4C). Furthermore, in distinction with findings in the 
negative lesions, TLR increased continuously over time 
in the positive lesions (Fig. 4D).

[89Zr]Zr-PSMA-617 PET/CT also identified altogether 
11 lesions suspicious for prostate cancer that had not 
been visualized at all on [68Ga]Ga-PSMA-11 PET/CT 
(Table  2; representative images in Fig.  5, left column). 
Of the newly-discovered suspicious lesions, 3 were pre-
sumed to be local recurrences, and 8, lymph node metas-
tases. Altogether 7/15 patients (47%) had lesions newly 
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found on [89Zr]Zr-PSMA-617 PET/CT. Every lesion 
that was positive on [68Ga]Ga-PSMA-11 PET/CT also 
was clearly seen on the [89Zr]Zr-PSMA-617 scans (rep-
resentative images in Fig.  5, right column). Figure  6 
shows the SUVmax and TLR of the [89Zr]Zr-PSMA-617 
PET/CT of these lesions, which were already suspi-
cious on the [68Ga]Ga-PSMA-11 PET/CT. The kinet-
ics of these parameters were similar to those of the 
[68Ga]Ga-PSMA-11 indeterminate lesions, which were 
classified as positive by [89Zr]Zr-PSMA-617 PET/CT.

During the [89Zr]Zr-PSMA-617 PET/CT procedure 
and the 4 wks thereafter, no adverse events, including 

clinically-relevant vital signs abnormalities, that appeared 
to be related to the imaging procedure were noted.

Subsequently to [89Zr]Zr-PSMA-617 PET/CT imag-
ing, 12/15 (80%) patients received a [89Zr]Zr-PSMA-617 
PET/CT-guided radiotherapy, 1/15 (7%) androgen depri-
vation therapy (ADT) and 1/15 (7%) PSMA-targeted 
radioligand therapy. The remaining one decided to wait 
and postpone treatment. After [89Zr]Zr-PSMA-617 PET/
CT-guided radiotherapy PSA serum level decreased by 
84 ± 26%; in 6/12 (50%) patients PSA levels were below 
the detection limit.

Table 2 Classification of [68Ga]Ga-PSMA-11 PET/CT-indeterminate lesions and new positive findings on [89Zr]Zr-PSMA-617 PET/CT
Lesion type Number of indeterminate lesions 

on
[68Ga]Ga-PSMA-11 PET/CT

Classification of [68Ga]Ga-PSMA-11 PET/CT-indeterminate 
lesions on [89Zr]Zr-PSMA-617 PET/CT

New positive 
findings on 
[89Zr]Zr-PSMA-617 
PET/CT

Positive, n (% of category) Negative, n (% of 
category)

Any 20 6/20 (30%) 14/20 (70%) 11
Local 4 3/4 (75%) 1/4 (25%) 3
Lymph node 8 1/8 (13%) 7/8 (88%) 8
Bone 8 2/8 (25%) 6/8 (75%) 0
Due to rounding, percentages may not add up to 100% for certain categories of lesions

Fig. 1 Maximum intensity projection (MIP) images of a patient with biochemical recurrence of prostate cancer on A) [68Ga]Ga-PSMA-11 PET/CT 1 h post-
injection and B) (right to left) [89Zr]Zr-PSMA-617 PET/CT 1 h, 24 h, and 48 h post-injection. As denoted by the red arrows, a lesion faintly visible on the 
[68Ga]Ga-PSMA-11 scan, although not clearly discernible on the 1-hr [89Zr]Zr-PSMA-617 image, was clearly discernible as a presumed bone metastasis on 
the 24-hr and 48-hr [89Zr]Zr-PSMA-617 scans. Supporting the visual findings, [89Zr]Zr-PSMA-617 uptake, reflected by C) the SUVmax curve for the lesion, 
showed a sharp increase from 1 to 24 h, and then a slower increase from 24 to 48 h
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Fig. 3 Representative transversal slice images, from 3 different patients (one per column) showing lesions (indicated by green arrows), that were inde-
terminate on [68Ga]Ga-PSMA-11 PET/CT (top row) but could be visually classified as non-suspicious (negative) for prostate cancer on [89Zr]Zr-PSMA-617 
images (48-hr scan shown here). The lesions indeterminate on [68Ga]Ga-PSMA-11 PET/CT were considered possibly suspicious for local recurrence, lymph 
node metastasis, and bone marrow metastasis, respectively (left to right), of prostate cancer

 

Fig. 2 Representative transversal slice images, from 3 different patients (one per column), showing lesions (indicated by red arrows) that were indeter-
minate on [68Ga]Ga-PSMA-11 PET/CT (top row) but could be visually classified as suspicious (positive) for, respectively (bottom row, left to right), local 
recurrence, lymph node metastasis, and bone metastasis of prostate cancer on [89Zr]Zr-PSMA-617 PET/CT (48-hr scans shown here)
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Discussion
This is, to our knowledge, the largest analysis 
(N = 15) published to date assessing the ability of 
[89Zr]Zr-PSMA-617 PET/CT to characterize as suspi-
cious or non-suspicious for prostate cancer lesions that 
were indeterminate on recent prior [68Ga]Ga-PSMA-11 
PET/CT. The analysis had three main findings. First, even 
in the setting of BCR with low PSA levels, and across 
the three major types of putative prostate cancer recur-
rence, i.e., prostate bed, lymph node, and bone lesions, 
previously-indeterminate foci appeared to be readily 
amenable to such dichotomization on 24-hr and 48-hr 
[89Zr]Zr-PSMA-617 PET/CT images. This observation 
suggests that, using this novel method might in many 
cases solve an important diagnostic dilemma associated 
with conventional PSMA-targeted imaging. Our obser-
vations in additional patients align with our preliminary 
experience in 3 men with indeterminate conventional 
PSMA-targeted imaging findings [13].

Second, negative and positive lesions showed dis-
tinctly different patterns of [89Zr]Zr-PSMA-617 kinet-
ics. This observation was reflected by lesional radiotracer 
uptake, represented by SUVmax, and by lesional contrast, 

represented by TLR, as well as by patterns of change 
in these variables over the 1 to 48  h post-injection. 
The PET kinetics of the [68Ga]Ga-PSMA-11 indeter-
minate lesions, which were classified as positive by 
[89Zr]Zr-PSMA-617 PET/CT were similar to those of 
the clearly suspicious lesions on [68Ga]Ga-PSMA-11, 
strengthening the assumption of correct classification by 
[89Zr]Zr-PSMA-617 PET/CT.

Lastly, [89Zr]Zr-PSMA-617 PET/CT that was per-
formed to characterize previously-indeterminate lesions 
not infrequently had incidental but clinically-relevant 
findings of additional lesions that had been entirely 
missed on [68Ga]Ga-PSMA-11 PET/CT. This observation 
further supports the efficacy of PSMA-targeted PET/CT 
with 89Zr tracers in localizing sources of BCR, that has 
been documented in all preliminary analyses published 
to date [11–16].

Classification of indeterminate conventional PSMA-
targeted imaging findings is highly clinically relevant, as 
this additional information can significantly influence 
treatment decisions. These decisions may involve the 
selection of a therapeutic modality or modalities, as well 
as the regimen of the treatment(s) chosen. Our results 

Fig. 4 [89Zr]Zr-PSMA-617 PET variables by scan time and their relative changes over time of [68Ga]Ga-PSMA-11-indeterminate lesions visually classified as 
positive (n = 6 lesions) versus negative (n = 14 lesions) on [89Zr]Zr-PSMA-617 PET/CT. (A) SUVmax, (B) ∆SUVrel, (C) TLR, and (D) ∆TLRrel. ∆SUVrel, relative change 
in SUVmax; ∆TLRrel, relative change in TLR
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suggest that depending on the [89Zr]Zr-PSMA-617 
PET/CT findings, a precise, individually-adjusted, tar-
geted intervention may be feasible, i.e., metastasis-
directed therapy [18–21]. In our cohort, 12/15 patients 
could receive such a targeted radiotherapy based on 
[89Zr]Zr-PSMA-617 PET/CT with adequate biochemi-
cal response. On the other hand, our confirmation of 
some indeterminate findings as non-suspicious sug-
gests that [89Zr]Zr-PSMA-617 PET/CT also might help 

spare certain patients from over-treatment, includ-
ing, for example, unnecessarily large radiation fields. 
As seen here and in our earlier reports [11, 12, 14], 
[89Zr]Zr-PSMA-617 PET/CT appears to be safe. More-
over, the potential benefit of the additional information 
provided by the procedure would seem to clearly out-
weigh the main apparent downside of this PET imag-
ing modality, its radiation exposure, which, at ∼ 10 
mSv [13], is ∼ 2–3 times higher than that of PET with 

Fig. 6 [89Zr]Zr-PSMA-617 PET variables by scan time of lesions, which were already suspicious on the [68Ga]Ga-PSMA-11 PET/CT: (A) SUVmax and (B) TLR

 

Fig. 5 Representative transversal slice images, from two patients (one per column). The left-hand column shows a lesion (red arrow, bottom image) sus-
picious for lymph node metastasis of prostate cancer that was detected by [89Zr]Zr-PSMA-617 PET/CT (48-hr scan shown here) but not [68Ga]Ga-PSMA-11 
PET/CT (top image). As exemplified in the right-hand column, all lesions detected on [68Ga]Ga-PSMA-11 PET/CT also were detected on [89Zr]Zr-PSMA-617 
PET/CT (lesions indicated by blue arrows)
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[68Ga]Ga-PSMA-11 or other short-lived PSMA-targeted 
PET tracers [8, 22–24].

Limitations of this work should be noted. First, the 
analysis was retrospective and observational, and 
involved a small, single-center series, weakening strength 
of evidence and decreasing generalizability. Further stud-
ies in larger cohorts, ideally with a randomized, prospec-
tive design, are recommended.

Second, in the day-to-day practice setting reported 
here, no lesion had its malignancy evaluated histo-
pathologically and no follow-up imaging was avail-
able. Also, because in this context, experimental 
imaging could not be applied before conventional 
imaging, [68Ga]Ga-PSMA-11 in all cases preceded 
[89Zr]Zr-PSMA-617 PET/CT. Additionally, more infor-
mation (results of follow-up during the interval between 
scans and [68Ga]Ga-PSMA-11) was available when 
interpreting the [89Zr]Zr-PSMA-617 images versus 
the conventional scans. Further, due to the sometimes 
weeks-long interval between these scans, it cannot be 
excluded that disease progression may partly accounted 
for the increased clarity of the previously-indeterminate 
lesions and/or for the additional lesions seen on the 
[89Zr]Zr-PSMA-617 images. Moreover, the kinetics of 
benign lesions on [68Ga]Ga-PSMA-11 should also be ana-
lyzed on [89Zr]Zr-PSMA-617 PET/CT in future studies.

Furthermore, it should be noted that we did not evalu-
ate safety of [89Zr]Zr-PSMA-617 PET/CT over the long 
term. Reassurance is provided, though, by the lack of 
long-term side effects noted to date [11–14], and by the 
favorable safety profile of zirconium-labeled radiophar-
maceuticals deployed in other settings [25–28].

Despite these limitations of our data, and although 
this analysis must be considered hypothesis-generating, 
our results suggest that [89Zr]Zr-PSMA-617 PET/CT 
may prove to be a beneficial imaging intervention that 
can be offered to patients with BCR not only as a com-
plementary procedure in cases of negative conventional 
PSMA-targeted PET/CT, but also to better characterize 
indeterminate findings of conventional scans.

Conclusions
[89Zr]Zr-PSMA-617 PET/CT appears to allow character-
ization of lesions that were previously indeterminate on 
[68Ga]Ga-PSMA-11 PET/CT as suspicious or non-suspi-
cious for prostate cancer. [89Zr]Zr-PSMA-617 radiotracer 
kinetics differ markedly between previously-indeter-
minate lesions classified into these categories. Because 
of this ability to differentiate, the potential to identify 
lesions that entirely elude detection using conventional 
PSMA-targeted imaging, and the apparent safety of this 
novel procedure, [89Zr]Zr-PSMA-617 PET/CT appears 
to be a promising imaging method.
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